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Field of the Invention: 5 The present invention relates to the field
of conputer systens. Mre specifically, the present invention relates to

t he mappi ng of virtual pages to physical pages in a virtual nmenory conputer
system that supports nultiple page Si Zes. 2. Art Background 10 \/ rtuaI
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specifically, the present invention relates to the mapping of virtual pages to physical

pages in a virtual memory computer system that supports multiple page sizes.

2. Art Background:
10
Virtual memory is a technique that allows an application program to utilize a
memory system as providing a large uniform primary memory. In reality the
memory may be smaller, more fragmented, and/or partially simulated by secondary
storage such as a hard disk. Applications access memory through virtual addresses,
15  which are translated (mapped) by spedal hardware onto physical addresses. Paging

and segmentation are two common implementations of virtual memory.

When implementing virtual memory using the paging technique, the virtual

address space is divided into a number of fixed-size blocks called pages, each of

20  which can be mapped onto any of the similarly sized physical pages available on the
system. Typically, special memory management hardware such as a memory
management unit (MMU) or a paged memory management unit (PMMU) performs
the address translation from virtual addresses .to physical addresses. In this type of
memory management, any attempt to access data that are not present in physical

25 (system) memory causes the PMMU to send an interrupt signal to the central

processing unit (CPU); the operating system then transfers the data in from other



the adddress_translation fromvirtual addresses to physical addresses. In
this type of nenory nmanagenent, any attenpt to access data that are not
present in physical 25 (system) nenory causes the PMMJ to send an
interrupt signal to the central pro_c§s_i ng unit (CPU); the operating system
then transfers the data in from ot her -2- storage (such as hard disk),

wi t hout the &fsrgecsechors hard glision witheiithe applisetien pragram {knewing”|aboohihe

vi rtual MenoLy %xhem-:-, there is only one mapping fromvirtual 5 nenory
space to physical ‘nenory space.. I n other inplenentations, however, there
can be several address spaces, each with its own mapping to the physical
address space. Thus, a first process nay refer to a given physical address
using a first virhgie votekbsemeny schemeg thede fr ody one mrpping) from vireuad ame CPU,
or on a different CPU in mul 1i-processor environnent, wll refer to the
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referred to as "aliases". Some Us are able to ope usin re than one

si ze of vi rt addreprespace. Flituspa fingplpeocess may tefier to agivenyplysivpl ddeiress WS ing fadelr ess
transl ati on npch niim that 15 supports multiple page_sizes is described in

U S. patent 353‘} ] eg Tessy A i?f@,ng ZPEOCeps Tygung on the same CPU, or on a different

CPU in a multi-processor environment, will refer to the given physical address by a
10 second virtual address. In such a case, the two virtual addresses corresponding to

the same physical address are referred to as “aliases”.

Some CPUs are able to operate using more than one size of virtual page. For
example, a virtual memory computer system address translation mechanism that
15 supports multiple page sizes is described in U.S. patent application 08/139,549, filed
on October 20, 1993. Additionally, a virtual address to physical address transiation
cache that supports multiple page sizes is described in U.S. patent application
08/118,398, filed on September 8, 1993. |

20 Supporting multiple page sizes permits the virtual page size used in a
mapping to be selected to best meet the needs of the virtual address space being
mapped. If one uses big pages, a large amount of virtual memory can be translated
using a single translation entry in the MMU. Therefore, fewer resources are needed
for the MMU thereby increasing performance. The use of big pages can, however,

25 lead to problems not encountered when small pages are used. A big page typically
must reside in a single contiguous portion of physical memory. Obviously, the

bigger the page, the bigger the single contiguous portion of physical memory that



on October 20, 1993. Additionally, a virtual address to physical address
transl ati on cache that supports nultiple page sizes is described in U S.
pat ent application 08/ 118,398, filed on Septenber 8,1993. 20

Supporting nmultiple page sizes permts the virtual page size used in a
mappi ng to be selected to best meet™ the" needs of the virtual address space
bei ng mapped. |If one uses big pages, a large anount of virtual nenory can
be translated using a single translation entry in the MMJ. Therefore, fewer

resour ces amgusi®edesid Drailhble tdvpbintib etechngei tt bk teutled dntpghiysicalanatorylhe use of
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wherein a certain number of the least significant bits of a virtual or physical address
are used to indicate a particular word within a page. The number of least significant

10  Dits used to indicate a word within a page is dependent upon the size of the page
being represented. For a given page size, however, the number of least significant
bits dedicated to the word position within the page is fixed and is the same
regardless of whether the address is a virtual address or a physical address. The
remaining most significant bits of a virtual address are then used to indicate which

15  particular page of virtual memory is being addressed. Similarly, the remaining
most significant bits of a physical address are used to indicate the particular page of
physical memory that is being addressed. Implicit within this addressing scheme is
a requirement that each page be aligned on a boundary that is an integral multple of
the size of the page being addressed. Therefore, when loading a page into physical

20 memory, it is not sufficient to merely find a free contiguous portion of physical
memory equal in size to that of the page to be loaded. The contiguous portion of
free physical memory required must begin on a page boundary dictated by the size of
the page that is being loaded into physical memory. The larger the page size, the
fewer the possible places in a given sized physic.al memory that can accommodate a

25 given sized page.



Wherein a:.certain nunber of the |east significant bits of a virtual or
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physical memory.
10
In a process called promotion, the operating system will recognize that the
mapping made using the several small pages can be replaced by a mapping using a
single large page and then make the replacement from the several small page
mappings to a large page mapping. Because the small pages typically are not located
15  in a contiguous portion of physical memory that begins on a big page boundary, to
promote the small pages to a single big page, the operating system will have to find a
suitable portion of physical memory that can accommodate the big page and then
move the contents of the several small pages into it. Thus, although page
promotion is beneficial, the promotion process is a ime consuming process.
20
In summary, even when multiple page sizes are supported in the prior art,
virtual pages are supported in physical memory using a physical page of the same
page size as the virtual page being supported. This means that each physical page
that backs a virtual page must be formed from a contiguously addressable region of
25 physical memory equal in size to the size of the virtual page fhat is being backed by

the physical memory. Furthermore, the contiguously addressable region of physical

memory backing the virtual page must begin on a page alignment boundary for the



*-4- Noreover, ,because big pages address a larger portion of physical nenory
than smal| pages, it is preferable to nmap a regi on of physical nenory using
a big page rather than using a |l arger nunber of small pages. Oten

however, rather than initially mappi a large portion of virtual nenory to
physi cal nenory using a big 5 page,” the operating systemw ||l map the
virtual nenory to physical nmenory increnentally over tinme using snal

pages. This results in a continuous region of virtual nmenory that coul d be
mapped USi NQg; i I i BHRY 3ggg
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portion of porush@dednrenory that begins on a big page boundary, to pronote
the smal|l pages to a single big page, the operating systemw ||l have to
find a suitable portion of physical nmenory that can acconmpdate the big
page and then nove the contents of the several small pages into it. Thus,
al t hough page pronotion is beneficial, the pronotion process is a tine
consum ng process. 20



I'n sunmary, even when nultiple page sizes are supported in the prior art,
virtual pages are supported in physical nenory using a physical page of

sanme page size as the virtual
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addressabl e region of 25 physical oegocy equal in size to the size of
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mapped onto physical memory using multiple page sizes. The use of an
intermediate addressing scheme permits the mapping of several non-contiguous
small pages in physical memory onto a bigger sized virtual memory page. Rather
than transiatiﬁg a virtual address directly into a physical address, a virtual address is
translated into an intermediate address that may or may not be a physical address. If
the virtual page is backed by physical memory that is contiguous and aligned on a
proper boundary for the page size, ;chen the intermediate adciress will be the physical
address and no second translation is required. If the intermediate address is not a
physical address, it is then translated into a physical address. This is the case where a
big page in virtual memory is backed by more than one smaller page in physical

memory.

The use of intermediate addresses that are not physical addresses permits the
physical memory to be treated as though it is logical memory. Therefore, non-
contiguous small pages in physical memory can be mapped together using an
intermediate translation to form a single big page. This process removes the
requirement that a big page be mapped using a single contiguous portion of physical
memory. Furthermore, this process removes the requirement that the big page be
aligned within physical memory upon a corresponding big page boundary.
Furthermore, several small pages can be promoted to a single big page simply by
changing the virtual address to intermediate address mappings and also changing
the intermediate address to physical address mappings to reflect the promotion.

Therefore, the need to move the contents of the small pages into a single
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A nmet‘hod and apparatus is described for providing |ogically addressabl e
physi cal nmenory within a conputer system having virtual nmenory that can be
5 mapped onto physical nenory using nultiple page sizes. The use of an

i nt ernedi at e addressi ng schene permts the mappi ng of several

non-conti guous small pages in physitaﬂ Trenory onto a bigger sized virtual
menory page. Rather than translating a virtual address directly into a
physi cal address, a virtual address is translated into an internediate
address that may or may not be a physical address. If 10 the virtual page
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Furt hernore, severa pages can be pronote singl'e big page
sinply by



25 changing the virtual address to internedi ate address mappi ngs and al so
changing the internedi ate address to physical address mappings to reflect
the pronotion. Therefore, the need to nove the contents of the small pages
into a single -7- contiguous, big page aligned region of physical nenory
during a page pronotion operation i< &l 4mnated. Furthernore, because a big
page in virtual nenory can be backed by mapping together smaller pages in
physi cal nenmory, a big page sized region of virtual menory that has one or
nmore small er page sized hoRBERMEHINIDITONAL Y sarddies a single big
virtual nenory page and be backed in physical nmenory using only as nmany

smal | er pages as.are.required to back the nep-hole reqgi,o t vi rtual
address space. Ngﬁéé’\'?gfg’ %eﬁt_uéessﬂ ﬁ@"waﬁeé ogp?eangtg‘adiagdﬁgiﬁ%%se%h% hen
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-8- BRIEF CRI PTION OF THE W NGS The objects, features, and advant ages

of the ne¥hotventdompparkithis of the

FIGURE 1 illustrates a computer system that uses a memory management
unit based embodiment of the present invention to perform address translation

from a virtual address to an intermediate address and then to a physical address;

10
FIGURE 2 illustrates a computer system that uses a translation lookaside
buffer based embodiment of the present invention to perform address translation
from a virtual address to an intermediate address and then to a physical address;
15 FIGURE 3 illustrates the relationship between translation table entries of a

translation lookaside buffer and remap table entries of a remap lookaside buffer;

FIGURE 4 illustrates the mapping of a middle sized page and two small sized
pages from a region of virtual address space onto a region of intermediate address

20 space and then onto a region of physical address space;

FIGURE 5 illustrates the mapping of a region of virtual address space onto a
region of intermediate address space and then onto a region of physical address

space prior to the promotion of several small sized pages into a single big sized page;



present invention will be apparent fromthe foll ow ng detail ed description
of the 5 invention in which: FIGURE 1 illustrates a conputer systemthat
uses a nenory nmanagenent unit based enbodi nent of the present invention to
perform address translation froma vigtual address to an internediate
address and then to a physical address; 10 FIGURE 2 illustrates a conputer
systemthat uses a translation | ookaside buffer based enbodi nent of the
present invention to performaddress translation froma virtual address to

an internedi ate t : | . A X Fl GURE 3
PRGURES ANCkriBE el Rarkbi ; §;§§+ g%%ﬁ%gtﬁﬁ adHPess sgacgfonég a

Il lustrates the relationship between't e entrie

transl ati on regiokaf interrhediéteraddrss spacapnd aldreoraa tarregion of physieiafdieeokasi de
buffer; FIGURE 4 jillustrates the mapping of a middle sized page and two
smal | si zed SPagfeter thgprometiongf sgyersl smalksized pges inte p snglebigsizad pageion of
I nternedi ate address 20 space and then onto a region of physical address
space; FIGURE 5 illustrates the mapping of a region of virtual address

space ont® a r egFEURE 7 ilugkARgihatRaphitl 665 reRACE BRdalldidRess @%&e%m‘i@gi on of
physi cal address space prior to the pronotion of several small sized pages
into a si nglregibh @f Hitexmaedistg@ddass space and then onto a region of physical address

space wherein an middle sized page and a small sized page are treated as a single big

sized page having a small page sized "hole” at the end of the big sized page;

10 FIGURE 8 illustrates. the mapping of a region of virtual address space onto a
region of intermediate address space and then onto a region of physical address
space wherein a middle sized page and a small sized page are treated as a single big

sized page having a small page sized "hole" within the big sized page;

15 FIGURE 9 illustrates the mapping of a region of virtual address space onto a
region of intermediate address space and then onto a region of physical address
space wherein two different small page sized regions in virtual address space are

backed by the same single small sized page in physical memory; and

20 FIGURE 10 illustrates the mapping of a region of virtual address space onto a
region of intermediate address space and then onto a region of physical address
space wherein two different middle page sized regions in virtual address space are

backed by mapping together the same two small sized pages in physical memory.



-9- FIGURE 6 idlustrates the mapping of a region of virtual address space
onto a region of internedi ate address space and then onto a region of
physi cal address space after the pronotion of several small sized pages
into a single big sized page; 5 FIGURE 7 illustrates the mapping of
a region of virtual address space ontypa-region of internedi ate address
space and then onto a region of physical address space wherein an m ddl e
si zed page and a snmall sized page are treated as a _single big sized page
having a smal| page sizeRETASLER D BLIENN LR ENEERIERRq page; 10
FIGURE 8 illustrates the mapping of a region of virtual address space onto
a region of internedi ate address space and then onto a region of physical
address space Wheg @ldfoRoWitli@cipeat] Bragepasd of ekPRhhtict, spetiffegenbérs,
treated as a single big sized page having a snmall page sized "hole" within
the big sizenlatgrigls;antisconfiguratiofy @ieReEt Hrib immiserawe@rom%@ 3ESFRYBE of a region
of virtual addyess space onto a regign of internedi ate address;space and
then ont@ a ‘f‘é&%ﬁ“‘@?‘g ;9?19'5 E’&fenébfb‘&gggn'sba @%@P@fﬁ‘tﬁﬁﬁnﬁfﬁﬁ gﬁﬁ\esaﬁrgl I
page sized reqi ' b ddaasis @Bmiisl nal e
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i nt er medi at e_addr ess space and then onto a region of physical ,address space
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are backed by mapping together the sanme two small sized pages in physical
menory.

10 Referring now to Figure 1, a computer system is illustrated 1that uses a
memory management unit Eased embodiment of the present invention to perform
address translation from a virtual address to an intermediate address and then to a
physical address if the intermediate address is not a physical address. In computer
system 100 of Figure 1, central processing unit (CPU) 110 operates upon data and

15 instructions that are addressed using virtual addresses. These virtual addresses are
grouped into pages of continuous regions of virtual memory. Because computer
system 100 can operate using more than one size of virtual page at a time, a
contiguous portion of virtual memory can be viewed alternately as a single big page
or as two or more smaller pages.

20

When CPU 110 must access an instruction or data stored within a particular
page, a test is made to determine whether or not the desired virtual page contents
currently reside in physical memory (PM) 170. If the desired virtual page contents
are found to be residing in physical memory 170, then CPU 110 accesses the desired

25  instruction or data directly within physical memory 170. If, on the other hand, the
desired virtual page contents are found not to be residing in physical memory 170,

then CPU 110 must wait until the desired virtual page contents have been loaded



- 10 = DETAI LED DESCRI PTION OF THE I NVENTION I n the foll owi ng description,
for purposes of explanation, specific nunbers, nmaterials and configurations
are set forth in order to provide a thorough 5 understandi ng of the present
invention. It will be apparent to one skilled in the art, however, that the
present invention may be practiced w 1bodt the specific details. In other

I nstances, well known systens are shown in diagrammtic or bl ock diagram
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Referring now t Igure 1, “a conmputer systemis illustrated that uses a
menory nmanageaeniithin physiabshemwiopdidrent of the present invention to perform
address translation froma virtual address to an internedi ate address and
then to a physical address if the internedi ate address is not a physical

address. In COMPUL o5 %%%Hg%ﬂ&t‘ﬁrgf M%g 130 u%ﬁ%l&ieé'a v@xggﬁea%%'&%g (Wb gzd CPU)

110 operates upon Instructions that are addressed usin
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continuous regions of virtual nenory. Because conputer system 100 can

oper at e usi n@gnitdRMUWNER there taley thegftepinediatel adskieps 140 and trapglates itk 2 guous
porti on of VEgLual IS0l o 6343008 LR d:EL b Sl R o 2LLE £l PO O

appropriate portion of physical memory 170. The range of the intermediate address

space is the same as the range of the physical address space. If a virtual address is

10 contained in a page that is stored in physical memory 170 as a single contiguous

portion of physical memory that begins upon an appropriate page boundary, then

the intermediate address provided by MMU 130 can be used as a physical address

when accessing physical memory 170. In such a case, RMU 150 simply passes

through the intermediate address as the physical address; that is, without translating

15 the intermediate address to a physical address.

On the other hand, in cases, the intermediate address provided by MMU 130
is remapped by RMU 150 into a physical address or addresses that can be used to
access physical memory 170. A first case where a non-trivial intermediate address to

20  physical address translation occurs is when the virtual address page containing the
virtual address to- be translated is not stored in physical memory as a single
contiguous portion of physical memory. A second non-trivial intermediate address
to physical address translation case occurs when only a smaller portion of the
physical memory than the virtual memory page being mapped has relevant data. A

25  third case where a non-trivial intermediate address to physical address translation

occurs when the virtual address page containing the virtual address to be translated



When CPU 110 nust access an instruction or data stored within a particular
page, a test is nade to determ ne whether or not the desired virtual page
contents currently reside in physical nmenory (PM 170. |If the desired
virtual page contents are found to be %e;si ding in physical nmenory 170, then
CPU 110 accesses the desired 25 instrtiction or data directly wthin

physi cal nenory 170. |f, on the other hand, the desired virtual  page
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mapped together by RMU 150 onto a bigger virtual page. RMU 150 therefore
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10  permits physical memory 170 to be treated as logical memory and therefore to be
logically addressed. Thus, non-contiguous portions of physical memory 170 can be
mapped together by RMU 150 into a single virtual page. Furthermore, RMU 150
permits large pages to be mapped onto several smaller page pieces throughout
physical memory 170 and, although these smaller page pieces still begin on a page

15 boundary, the page boundary upon which they begin is that of a smaller page rather
than that of the larger page to which they are mapped. Moreover, RMU 150 permits
small virtual pages to be mapped onto larger physical pages.

The actual sizes of the pages supported by CPU 110 is immaterial, however,
20 memory pages are typically an integral power of two number of words in size. In
one embodiment, CPU 110 supports four page sizes. These page sizes are 8K words
(i.e. 213 words), 64K words (i.e. 216 words), 512K words (i.e. 219 words) and 4M words
(i.e. 221 words) in size. Thus, in this embodiment, with the exception of the
smallest sized page, each page then can be formed by mapping together eight of the

25 next smaller sized page.



t he internedi ate address provided by MMJ 130 can be used as a physi cal .
address when accessing physical nenory 170. In such a case, RMJ 150 sinply
passes through the internedi ate address as the physical address; that is,
wi thout translating 15 the internedifd e-address to a physical address. On
t he other hand, in cases, the internedi ate address provided by MW 130 is

remapped by RMJ 150 into a_ physical address or addresses, that can be used
to access physi cah onefmmBpdiment of compter systam 8, ke sypigHL. Infergonpect (e.g. the

i nt di at . ' AL ' th
virtual addr SEhEE9 G bRl AN (R AR PHP I WS BRI |
stored in physi shakwnyRsPhysias nensdr}are. Al@iniagily) RMUAISD icarn befpleby oh akd

menory. A second non-trivial intermediate address to physical address
transl ati on physcadaamary\ife sideraf ythe system lintercpunact and die $istenp ntercertiectrenor y

cace wher b aWHOR YA AP REUR AT Ro i eoRel & G ahaaph dun gl el ¢

transl ati on QGCAHtSh¥RENtd ROVisg ual address page containing the virtual

address to be transl ated - 12 - is not stored in physical nenory as a
si ngl e contiguous portion of physical nenory that begins upon an

appropri ate page boundary. 130 and 150 erate together to map two
bpr op bad éja es for >o:/izxtal\;:/xlnvlff instructions can addegeo computer System 100 if P

or nore pages of
desired. Caches typically have address based tags. Depending upon where within

10  system 100 the cache is placed, the address space for the cache tags will be that of the
virtual, intermediate or physical address space. If computer system 100 is expanded
to be a multiprocessor system by adding aﬁditional CPUs, similarly situated caches
within system 100 can use the same address space for their tags in order to maintain
cache coherency. For faster accesses to caches, it is expected that caches be addressed

15 using virtual or intermediate addresses.

Referring now to Figure 2, a computer system is illustrated that uses a
translation lookaside buffer based embodiment of the present invention to perform
address translation from a virtual address to an intermediate address and then to a

20  physical address if the intermediate address is not a physical address. Computer
system 200 of Figure 2 is similar to computer system 100 of Figure 1. MMU 130 of
Figure 1, is shown in computer system 200 of Figure 2 as being implemented by
translation lookaside buffer (TLB) 230 operating in conjunction with TLB miss
handler 235. TLB 230 is basically a translation table entry (TTE) cache. Each

25 translation table entry (TTE) contains virtual address to intermediate address
translation information for at least one virtual page. If a virtual address translation

is requested for a virtual page that does not have a translation table entry stored in



5 physical nenory and onto a page of virtual nenory. The pages of physical
menory mapped onto a page of virtual nmenory by RMJ 150 can have a different
page size than that of the virtual page to which they are napped.
Furthernore, several different sized (and/or non-contiguous) pages of

physi cal nmenory can be mapped togetheggby RMJ 150 onto a bigger virtual
page. RMJ 150 therefore 10 permts physical nenory 170 to be treated as

| ogi cal nenoriLsard, thekkefiP Riss @clis kA TES!hivs M&sgscixo%eﬁme requested
non-contiguous portions of physical menory 170 can be mapped togéther by

RMU 150 i nt o transiakigh to V1B 23 langademately offfUdtk, RMU 150 pernits | arge
pages to be mapped onto several smaller page pieces throughout physical
menory 170 and, al though these smaller page pieces still begin on a page 15

boundary, the paggnRHYIRIG m@mfl mwn ' §e&§ page
rat her than that of ch | arger page to which t c8m : ng%pecpg& vg? RVU
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The actual si z.g_éRgf t.he pages su rted by CPU 110 is i muaterial, however,
20 nmenory pd9 é‘“f%/bﬂfig? #ﬁematqﬁmubrwtm Rbeweser, wor ds i n

size, In one abodiani g %udgs% DRRSES LRSS SctS S SISRROREG P21 o

are 8K words (1.

(i.e. 219 V\Dmprcezﬁdbs@HeMédISte(alddﬁess ¥2phyvidatisddress tfdréRionrélURs siéh, 1Iﬂj‘.'.'Bi"’ZSO
enbodi nent, with the exception of the smallest sized page, each page then
can be for meds PAicAll prergap shla enety @TEheache. Each remapriable enima(RER) cohteén page.

10  intermediate address to physical address translation information for at least one
physical page. If a physical address translation is requested for a physical page that
does not have a translation stored in RLB 250, then a RLB miss occurs and RLB miss

handler 255 provides the requested translation to RLB 250.

15 In one embodiment, TLB miss handler 235 and RLB miss handler 255 are
each executed by separate processors dedicated to executing the TLB miss handling
function or dedicated to executing the RLB miss handling function, respectively. In
another embodiment, TLB miss handler 235 and RLB miss handler 255 are both
executed by a single separate processor dedicated to executing both the TLB miss

20 handling and RLB miss handling functions. In yet another embodiment, either TLB
miss handler 235 or RLB miss handler 255 (or both TLB 235 and RLB 255 miss
handlers) are executed by CPU 110.

Furthermore, because of the similarities of the functions provided by TLB
25  miss handler 235 and provided by RLB miss handler 255, the same algorithms can be

used to implement TLB miss handler 235 as can be used to implement RLB miss



- 13 = In-one enbodi ment of conputer system 100, the system i nterconnect:
(e.g. the system bus) carries physical addresses 160 (as well as data and
control signals that are not shown) to physical nmenory 170. Alternately,
RMU 150 can be placed on the physical nmenory 170 side of the system

I nterconnect and the systeminterconnggt.5 wll then carry internedi ate
addresses 140 (as well as data and control signals that are not shown) to
RMU 150. Caches for data and instructions can be added to conputer system

100 if desired. ,Ca t.ypi cal |y have address based t . Dependi ng upon
where wit hi n?fedleggiﬁm%%@am\"aea e 718815 THise Jan mﬁ%ﬁ BESOIPAETe or t he
cache tags Wihbiditntdifh ﬁgedtgéesu?p@}géal, i nternedi ate or physical address
space. |f conputer system 100 I s expanded to be a nultiprocessor system by

addi ng additional CPUs, simlarly situated caches within system 100 can use
t he sane addressségac,e for thejr tagtiéi n Qrder to maintain cache coherency.

For faster accessteTRedniFigure 3otherplationship hefween drraslatien sahle erisiesl 15

usi ng Vi rteual | ' . rdkn o.Fl gure 2
SR AR e e g A E AT ARG TIE
based enbodi ery (DIE)Bhe imesens of dve fieldeN The APA He'HA R TIES1b LAMBLRLON
froma virtual address to an internedi ate address and then to a 20

physi cal addfielss32p rnd 2.8 datefietd 388t ELB thy feadd 32Qideotifies pparindat pagddness.
Conput er virtual memory space that contains the virtual address to be translated. TLB data
field 330 identifies a particular intermediate address space page that corresponds to

10 the virtual page identified by TLB tag field 320.

The attributes field 340 of TTE 310 contains information regarding the page
size being mapped and regarding the type of operations that are permitted to be
performed on the data of the virtual page corresponding to TTE 310. For example,

15  attributes field 340 may contain a bit that indicates that one can read from, but not

write to, the virtual page corresponding to TTE 310.

In the case where the intermediate address space page of TLB data field 330 is
the same as the actual physical address page backing it, then the single bit field pass
20  through flag 350 is set to indicate to the RLB that there is no need for the RLB to
perform a remap translation. In effect, when the pass through bit is set, the RLB
simply passes through the intermediate address translation as the physical address
translation. If pass through bit 350 is not set, then the RLB uses a RTE such as RTE

360 to translate an intermediate address into a ph};sical address.

In Figure 3, it can be seen that remap table entry (RTE) 360 is made up of three
fields. The first two fields of RTE 360 are RLB tag field 370 and RLB data field 380.



system 200 of Figure 2 is simlar to conputer system 100 of Figure 1. MW
130 of Figure 1, is shown in conputer system 200 of Figure 2 as being

i npl emented by transl ation | ookasi de buffer (TLB) 230 operating in
conjunction with TLB mi ss handler 235. TLB 230 is basically a translation
table entry (TTE) cache. Each 25 trahslation table entry (TTE) contains
virtual address to internedi ate address translation information for at

| east one virtual page. If a virtual address translation is requested for a

virtual page RUBag dieRb3700teiks adpdrtiailsdl pdgeQn ittahhaliftoitemdiy epaed thiy - 14
- TLB 230, then a TLB m ss occurs and TLB m ss handl er 235 provi des the
request ed t r Semtpinsithe interrrdinte addresnite byl transiates. yRItH)d@Puem 0 idpntifiearl y, RWU
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with RLB m sg, %@m@hgﬁ RLBU #0Q3pperates simlarly to TLB 230, however,
3

whereas TLB provides virtual address to internedi ate address
transl ati éns, RLB 250 provides internedi ate address to physical address

transl ati ons. uch RLB cal I a remap table entry E)
cache. Each remap ﬁh&%ﬁ%@lg(ﬁeﬁ a‘f@)’ P%W&Sﬁ'@é‘ga%rﬁgé to
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performed on the data of the intermediate page corresponding to RTE 360. For

example, attributes field 390 may contain a bit that indicates that can one can read

10  from, but not write to, the intermediate page corresponding to RTE 360. Typically,
the information stored in attributes field 390 of RTE 360 will be redundant in light of
the information stored in attributes field 340 of TTE 310. In such a case, attributes
field 390 can be eliminated from RTE 360.

15 Referring collectively now to Figure 4 through Figure Iﬁ, these figures will
present examples to demonstrate various advantages presented by employing the
present invention. For simplicity of presentation in these figures, three page sizes
will be used. There will be a small sized page,. a middle sized page and a large sized
page. A middle sized page will be equal in size to two smali sized pages. A large

20 sized page will be equal in size to two middle sized pages and hence equal in size to
four small sized pages. The actual size of these pages is not important for the

presentation of the ideas in these figures.

Referring now to Figure 4, the mapping of a middle sized page and two small
25  sized pages from a region of virtual address space onto a region of intermediate
address space and then onto a region of physical address space is illustrated. In

Figure 4, virtual address space 410 is an eight small sized page contiguous region of



does 'not have :a translation stored in RLB 250, then a RLB m ss occurs and
RLB m ss handl er 255 provides the requested translation to RLB 250. 15

I n one enbodi ment, TLB mi ss handler 235 and RLB mi ss handl er 255 are each
execut ed by separate processors dedicated to executing the TLB m ss
handling function or dedicated to exeguting the RLB miss handling function,
respectively. In another enbodi nent, TLB m ss handl er 235 and RLB m ss
handl er 255 @eeviahhadiites spash. [Thus, xﬁttﬁ@ﬁd&&@&f@d&&lpimﬁﬁé@b yéeddigmt ed to
executing both the TLB m ss 20 handling and RLB miss handling functions.

I n yet anot hemaksizedivirsyally addressed pagesMise thyangh ¥P-235 or RLB ni ss handl er
255 (or both TLB 235 and RLB 255 mi ss handl ers) are executed by CPU 110.
Furt hernore, because of the simlarities of the functions provided by TLB
25 miss handl er @M'&eﬁmﬁule%éd%%&ﬁe qabfh 206 1o ARl siddaGpazase

al gorithms can be used to inplenent TLB m ss handl er 235 as can be used to
i npl ement 5 RLBirtdabaddress spage 410han bk gievwaShalteTintely ap fms milddle sizeld\pages i Fagke

' handl i har d f I t at db t ed.
Ref or 11 g nolh VARl eSS Spata iU ratst oF GRENFLE L JRETFIore o BToLE B eile
entries 5 apdhd GPLL ARkEae) hdgiing @ogeéﬂemmspsges VB0 Eh@WBL, 3 seddnacan be

seen that tr

middle sized page could be formed by mapping together small pages VP-2 and VP-3,
a third middle sized page could be formed by mapping together small pages VP-4

10 and VP-5 and a fourth middle sized page could be formed by mapping together
small pages VP-6 and VP-7. Due to the page alignment constraint imposed upon the
virtual address space, a middle sized virtual address space page could not be formed,
for example, by mapping together VP-1 and VP-2 because VP-1 does not begin on a
middle sized page boundary. Furthermore, due to the contiguous page constraint

15  imposed upon the virtual address space, a middle sized virtual address space page
coudd not be formed, for example, by mapping together VP-0 and VP-2 because VP-0

is not contiguous to VP-2.

Similarly, because one big sized page is equal in size to two middle sized pages

20  and also equal in size to four small sized pages, virtual address space 416 can be
viewed alternately as two big sized pages. Once again, pages in virtual address space
410 must be page aligned. Therefore, a first big sized page could be formed by
mapping together small pages VP-0, VP-1, VP-2 and VP-3 and a second big sized page
could be formed by mapping together small pages VP-4, VP-5, VP-6 and VP-7. Due

25 tothe Page alignment constraint imposed upon the virtual address space, a big sized
virtual address space page could not be formed, for example, by mapping together
VP-1, VP-2, VP-3 and VP-4 because VP-1 does not begin on a big sized page



entry (TTE) 310 is made up of four fields. The first two fields of TTE 310
are TLB tag field 320 and TLB data field 330. TLB tag field 320 identifies
a particular page in virtual nmenory space that contains the virtual address
to be translated. TLB data field 330 identifies a particular internediate
address space page that corresponds~t® 190 the virtual page identified by
TLB tag field 320. The attributes field 340 of ITE 310 contains information

regarding th age size bein ed and regarding the.type of operations
that are per ﬁ%‘)gf‘g%‘yt J‘Z ‘HB‘EH@P'%OH\?IQE) @ﬁgggtg-[sapagﬁ%ﬂlﬁérmqlﬁpéﬁs‘?%gggn%e |

cor r espondi ng gl LHGr e Goadb Ol i K28 il 2adkd dphbitbazs cblsdl i it Nt ai n
a bit that indicates that one Can read from but not” wite to, the virtual
page corresp@sahinply, bp nappirglidgether VPO and SEP-AHEP-8 ahll & F-h benamex VE0cis adtr ess
space page of TLB data field 330 is the same as the actual physical address
page backi ng PREEHIEFOtWE2single bit field pass 20 through fiag 350 is set
to indicate to the RLB that there is no need for -the RLB to performa remap
translation. In effect, when the pass through bit is set, the RLB sinply

passes through thais alseponibleteviendiess address kpdce a10 &sa tdmebiphysr efbigaddr ess
translation. If pass through bit 350 is not set, then the RLB uses a RTE
such as RTE 3siddieand gmall siged pages nTherafone foreample yirtyal addeesp pgase 439 can

address. 25 Ln Figure 3. it,can be seen_.that .. able entr E) 360 is
made up of 1 RPSETHLRAYER B TRt vnelr U Rt PRt el ped o o
370 and RLB Gagas. finghi eRBRple, the single big sized page could be formed by VP-0, VP-1, VP-2
10  and VP-3. The single middle sized page could be formed by VP-4 and VP-5. VP-6
and VP-7 would then each represent a different small sized page.

In Figure 4, intermediate address space 450 is a four small sized page
contiguous region of the intermediate address space. Intermediate address space 450

15 is formed by the four small sized intermediately addressed pages IP-0 through IP-3.

Because one middle sized page is equal in size to two small sized pages,

intermediate address space 450 can be viewed alternately as two middle sized pages.
As is the case with virtual address space pages, pages in intermediate address space

20 450 must be page aligned. Therefore, a first middle sized page could be formed by
mapping together small pages IP-0 and IP-1 and a second rhiddle sized page could be
formed by mapping together small pages IP-2 and IP-3. Due to the page alignment
constraint imposed upon the intermediate address space, a middle sized
intermediate address space page could not be formed, for example, by mapping

25 together IP-1 and IP-2 because IP-1 does not begin on a middle sized page boundary.

Furthermore, due to the contiguous page constraint imposed upon the intermediate



- 16 - RIBtag field 370 identifies a particular page in internediate
menory space that contains the internedi ate address to be translated. RLB
data field 380 identifies a particular physical address space page that
corresponds to the internedi ate spagelgage identified by RLB tag field 370.
5 The attributes field 390 of RTE 360 Contains information regarding the
page size being nmapped and regarding the type of operations that are

permtted tQddeespepdce) ARAIAL sizbe irfl@inteddite hddress¥patdRage abeldpag e formed, |
corresponding to E 360. For exanple, attributes field 390 may contain a

bit that indprexample hymappingtgetwnlB-8and Iy2 beeayss Fydiis ned CoRtigOrs toP-2 he
I nt ermedi ate page corresponding to RTE 360. Typically, the information
stored in attributes field 390 of RTE 360 will be redundant in light of the

i nformation stor gghilalyabbdatbidrRDig siobdl pBgis @fjual Hirsidd & tWdmsdl8 sided pagds
attributes field 390 Can be elimnated from RTE 360. 15 Referring

col | ect i \Bel yandealsot esjuil igusize to foum smajhsizddgpages, iotermediate afldrpss epaceidbl capr esent
exanpl es to denonsjrate various_advant age resent ed by enpl oying the

present i nvéﬁt"ﬂ%’ﬁe_c{ ﬁ&?’“%ﬁegﬁsi%“Fﬂg WEdtpP%fiﬂ‘g‘é‘?qs%miaﬂp‘Péé%%ﬁr jﬁ\"'gf,ag‘fshr ee
page sizes Wbb[ﬂbﬁlﬁé amphere will be a small sized page, a middle sized

page and a large sized page. A mddle sized page will be equal in size to
two smal |l sized pages: A large

1t is also possible to view intermediate address space 450 as a combination of
10 middle and small sized pages. Therefore, for example, intermediate address space
450 can be viewed as a single middle sized page and two small sized pages. In this
example the single middle sized page could be formed by IP-0 and IP-1. IP-2 and IP-3

would then each represent a different small sized page.

15 In Figure 4, physical address space 490 is a four small sized page contiguous
region of the physical address space. Therefore physical address space 490 has the
same range as intermediate address space 450. Physical address space 490 is formed

by the four small sized physically addressed pages PP-0 through PP-3.

20 Because one middle sized page is equal in size to two small sized pages,
physical address space 490 can be viewed alternately as two middle sized pages.
Small pages from physical address space 490 can be mapped together to back a single
middle sized page from intermediate address space 450. Therefore, page portions in
physical address space 490 must be small page aligned. Thus, a first middle sized

25 page could be formed by mapping together small pages PP-0 and PP-1 and a second
middle sized page could be formed by mapping together small pages PP-2 and PP-3.

To map a region of physical address space to a region of virtual address space



20 sized page will be equal in size to two mddle sized pages and hence
equal in size to four small sized pages. The actual size of these pages is
not inportant for the presentation of the ideas in these figures. Referring
- now to Figure 4, the mapping of a mddle sized page and two small 25 sized
pages froma region of virtual addregd Space onto a region of internediate
address space and then onto a region of physical address space is
illustrated. In Figure 4, virtual address space 410 is an eight small|l sized
page conti guwitbortugging apfntermediaty addrepespace diftatesat dedegigay i both gddress

virtual address s 410 i s _for.ed .1he eigh I ' + \(] y
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viewed alternately”as fog?mrgri ddl e sized pages. Pages in virtual address

space 410 nusinsbreingslomt the iphpsical addresespace need notr fy waingimaltiple smalysized coul d

be formed_by mappi ng together s | . pages VP:;:0Q and VP-1, a second m.ddle

si zed page CB‘GPEP“%?’P& nzm&%}ﬁ ngqgﬁﬁélt e?rfﬁgxlonfjaaagsw{?&u?hzgﬁtff VP-3, a
third m ddl egsi : ' b0t S
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t oget her snafrbmpértasl {URnermadiatéRddresDapacee If hanjdaiesiadd pageenspmog st usad nt

| nposed upon_the -
i P for the intermediate to physical address, the constraints will have to be obeyed for

that middle sized page mapping.
10

Thus, if VP-2 and VP-3 are mapped to IP-0 and IP-1 using one middle sized
page mapping in TLB 230, IP-0 and IP-1 obey the contiguity and alignment
constraints. The physical pages corresponding to IP-0 and IP-1 need not obey the
same constraints. If PP-0 and PP-2 correspond to IP-0 and IP-1 respectively, then two

15 small sized page entries (472 B and 474 B) are used in RLB 250. If on the other hand,
PP-2 and PP-3 correspond to IP-0 and IP-1, then a single middle sized mapping entry
can be used in RTLB 250.

Similarly, because one big sized page is equal in size to two middle sized pages

20  and also equal in size to four small sized pages, physical address space 490 can be
viewed alternately as one big sized page formed by mapping together small pages PP-
0, PP-1, PP-2 and PP-3. Because physical address space 490 is equal in size to a single
big sized page, the entire physical address space 490 is required to back a complete big
sized page of intermediate address space 450. Portions of this big page, however,

25 need not be kept in order wit:hin physical address space 490. For example, the first
small page sized portion of the big page could be stored in PP-1, the second small
page sized portion of the big page could be stored in PP-3, the third small page sized



virtual address space, a mddle sized virtual address space page could not
be formed, for exanple, by mapping together VP-1 and VP-2 because VP-1 does
not begin on a mddle sized page boundary. Furthernore, due to the
contiguous page constraint 15 inpos upon the virtual address space, a

m ddl e sized virtual address space™ “could not be fornmed, for exanple,
by mappi ng together VP-0 and VP-2 because VP-0 is not contiguous to VP-2.
Simlarly, because one big sized page is equal in size to two mddle sized
pages 20 anpPrpBef &alaz PRge squid be storashin R the furdusmrlbpage sidedtpeatioracidr ess

space 410 c e vie | t te as two big sized pages. Once again,
pages in vi ?ﬁ‘ﬁ%f %ﬁmgglga‘%epsg g8 g¥ st be page aligned. Therefore, a fi rst
bi g sized page coul d be forned by mappi ng together small pages VP-0, VP-1,

VP-2 and VP-3 and a second big sized page could be formed by napping
toget her smal | pé@eslsm?odsibl\e’kb ﬁemﬁmmadvaszpa@mo%a cbmbinadopage

i L?E%F " BRI A g Bed B ABEree 10 HBENPIA PRTSRAAARES AR ABbaTy
VP-
i zed page < AT EE %ﬁ%ﬂy{séﬂdﬁﬁ%@m‘*ﬁé sl 35 e P YR .

constraint iviposed mgnrdtdnto \IPmtthﬁiughdH-Be@Sa 13RGRge malplpﬁhgs bR@ IP-¥ kHrbUgh
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corresponded to PP-0, PP-1, PP—3 and PP-2 respectively, one middle page sized

mapping could be used for mapping IP-0 through IP-1 onto PP-0 through PP-1. In
10 such a case, one small page mapping would be used for mapping IP-2 onto PP-3 and

another small page mapping would be used for mapping IP-3 onto PP2. The

alignment and contiguity constraints would have to be obeyed for the middle sized

page mapping from IP-0 through IP1 onto PP-0 through PP-1.

15 In Figure 4, translation lookaside buffer (TLB) 230 performs the translation
function described previously. Thus, TLB 230 stores translation table entries (TTEs)
that provide the mapping of virtual address space pages onto intermediate address
space pages. Furthermore, in Figure 4, remap lookaside buffer (RLB) 250 performs
the remap function described previously. Thus, RLB 250 stores remap table entries

20 (RTEs) that provide the mapping of intermediate address space pages onto physical

address space pages.

As stated earlier, in Figure 4, the mapping of a middle sized page and two
small sized pages from a region of virtual address space onto a region of
25  intermediate address space and then onto a region of physical address space is
illustrated. Middle sized page 422 is formed by small pages VP-2 and VP-3 in virtual
address space 410 and is mapped onto middle sized page 442 formed by IP-0 and IP-1



éxanpie, by meppi ng together VP-0 and VP-2, VP-3 and VP-4 because VP-0 is
not contiguous to VP-2. 5 It is also possible to view virtual address space
410 as a conbination of big, mddl e and snall sized pages. Therefore, for
exanpl e, virtual address space 410 can be viewed as a single big sized
page, a single mddle sized page and 23w-smal | sized pages. In this
exanpl e, the single big sized page could be forned by VP-0, VP-1, VP-2 10
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al t er nat & y Middlegized priect23iin adidngssgppsce 448 is mappesl onte @ midtile sizedtpagk iraddr ess

space pages,_,pages i inter Iat e ,addregs spage 20, _450 _nust be page

al 1 gned. ThapBPbraddies space B0 trimed &y small pagts Tip0er BB Jrdestiyltiidi ng

t oget her snmedflmiBaRes,ddR ird Blivei ' i | d be
formed by mappi ng toget% ﬁ%}Fi‘y%lggerysad?%§gﬁﬁggl%%ﬁﬁﬁe&?%agﬁgﬁﬁggg

al i gnment  c qrege PRINHSDrip phpsical pddretsspacetoo msbtiicite] Byeliies72AS [FRIE4728 ofi ddl e
sized interng '%te addr ess space p%ge could not be formed, for exanple, by

mappi ng 25 Ryetrontains. the papping Bdjrated Rydinept72Aq Jdhe saeandihadf 469rpfa mi ddl e
sized paflf RR#udlAlYed page 442 in physical address space 410 is mapped onto a small sized

page PP-2 (484) in physical address space 490 as indicated by line 474A. RTE 474B of
RLB 250 contains the mapping indicated by line 474A. Note that although middle
sized page 442 is aligned on a middle sized page boundary and is formed by a
contiguous region of intermediate address space 450, its physical representation in

15  physical address space 490 is not constrained to be a single middle page sized
contiguous portion of physical memory. Furthermore, the middle sized page is also
not constrained to begin on a medium page size alignment boundary in physical
address space 490. In fact, it is merely coincidental that page 482 does begin on a
medium page size aligned boundary in physical address space 490.

20

In Figure 4, single small page 426 in virtual address space 410 (VP-5) is

mapped onto single small page 446 in intermediate address space 450 (IP-2) as
indicated by line 436A. TTE 436A of TLB 230 contains the mapping indicated by line
436A. Single small page 466 in intermediate address space 450 (IP-2) is in turn

25 mapped onto single small page 486 in physical address space 490 (PP-1) as indicated
by line 476 A. RTE 476B of RLB 250 contains the mapping indicated by line 476A.
Similarly, single small page 428 in virtual address space 410 (VP-6) is mapped onto



Furthernore, due to the contiguous page constraint inposed upon the

I ntermedi ate - 19 - address space, a mddle sized internedi ate address
space page could not be forned, for exanple, by mapping together IP-0 and
| P-2 because IP-0 i's not contiguous_ to IP-2. Simlarly, because one big
sized page is equal in size to two n1d%|e si zed pages 5 and al so equal in
size to four small sized pages, internedi ate address space 450 can be

viewed alte %H@‘ija é‘ﬁi@r PRINGLRdel gL smal |
pages |1 P-0 Eﬁgﬁﬂﬂﬁ%&rﬁg%% t|£)s alegso possdlab tolw éw ?n Qi?\%’edl ate
address s pa@&BASM’BsLS&B obTbB 2K} - tamtaing H&Gnappmgiirdxﬁmﬂ tyniie 438iAz eSinglges.

Therefore, for_example, internedi ate address space 450 can be vi ewed as a

single mi ddP@allipage “ohigciniprmediate adrless spRcec0 (HgRds in furk mapped SRR EnglRe
I ddI | | P2 d IP-3
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4, physi gal address space 490 is a four snmall sized page contiguous region
of the physical address space. Therefore physical address space 490 has the
same range as i ninghestiefa waiglation fme@gﬁwmllnhytgnlcwagedaélltrepbyssqaépegewo i s

Lo o0 B g B Bt Srh RSBSOS AR R 4 2
si zed pages gecond translation is made to a physical address (466 to 486). Therefore RTE 476B is
required in RLB 250 so that the remapping from intermediate address space to
10  physical address space can be made. In the case of a translation from single small
virtual page 428 to physical page 488, a translation is first made to an intermediate
address (428 to 448). The intermediate address, however, is the same as the physical
address. Therefore, in the latter case, the second translation made from an
intermediate address to a physical address (i.e. from 468 to 488) is trivial and a pass
15  through flag can be set in TTE 438B to signify that this second translation need not
be made. Therefore, in the case where a pass through is indicated in the TTE, no
RTE is required in RLB 250 because the remapping from intermediate address space

to physical address space need not be made.

20 Note that in Figure 4, if the contents of small sized physical page PP-1 and
small sized physical page PP-2 had been swapped (i.e. so that PP-1 backed IP-1 and PP-
2 backed IP-02), then the mapping between intermediate address space 450 and
physical address space 490 would become trivial. This is because the middle sized
intermediate address page 442 (formed by IP-0 and IP-1) could be mapped directly

25 onto a middle sized physical address space page (formed by PP-0 and PP-1) and the
small sized intermediate address page 446 (formed by IP-2) could be mapped directly
onto a small sized physical address space page (formed by PP-2). In each case, each



physiscal -address space 490 can be viewed alternately as two m ddl e sized

pages. Smal |

pages from physi cal address space 490 can be mapped toget her

to back a single mddle sized page frominternedi ate address space 450.
Therefore, page portions in physical address space 490 nust be small page
aligned. Thus, a first middle sized 2% -page could be forned by nmapping
together small pages PP-0 and PP-1 and a second m ddl e sized page coul d be

formed by i ng.toget her I ages PP-2 and PP-3..To nma reqgi gn of
hys: cal” adaPrEedisiebtes oyt B boskBdBY ob sl e RY iR R el Wl |
Wi t hout USi NgnBBubld SidBiFnad apaﬂdrpesper%aﬁ@wlfsimf@etm THE, TERIQS, i n
both address spaces to follow the contiguity and alignnment constraints.

Wien an i nt ef36Bdindt438B adudd each indisatedthal apass shrgtigh gonditien pysted ndtierefaze,
address region h 0, qQbey the .constraints t the si cal, addres ace
eed not . Byt it BaEhaetnd ipReppg shelilibn iS o8l 1Sl B BE EP IR a: o
to physical Qddiass l{a%giag?%ali&PXEFmB%b.on of small sized physical pages
can be nmade to correspond’'to one | arger page of mapping fromvirtual to
i nternmedi ate address spaces. If a mddle sized page mapping is used for the
I nternmedi ate to al address, the constraints wll have to be gbeyed

hysi c
for that middle ég@n&a@g tﬁﬁﬂrﬁ é_anfd?xgure 6, these figures together illustrate the
promotion of several small sized virtual address pages into a single big sized virtual

address page. Figure 5 illustrates the mapping of a region of virtual address space
10  onto a region of intermediate address space and then onto a region of physical
address space prior to the promotion of the several small sized pages into the single
big sized page. Figure 6, on the other hand, illustrates the mappings after the
promotion. Page promotion permits a single big page TTE in the TLB to replace
several smaller page TTEs. Therefore, the benefit prévided by big page mapping of
15  an increased likelihood of having a TLB hit is realized. By using an intermediate
addressing scheme, a big page sized region of virtual address space can be backed in
physical memory by mapping together smaller sized pages. Thus, the physical
memory backing does not have to meet the traditional virtual memory page
criterion of being a contiguous region the size of the page being used for the
20 mapping that is boundary aligned in physical memory upon a boundary for the size

of the virtual memory page that is being backed.

Referring now to Figure 5, in Figure 5, virtual address space 510 is formed by
small sized pages VP-0 through VP-3 and therefore is half of the virtual address
space 410 of Figure 4. Intermediate address space 450 and physical address space 490

of Figure 5 are the same as their respective counterparts in Figure 4. In Figure 5, the



Thus, if VP-2-and VP-3 are mapped to IP-0 and I P-1 using one mddle sized
page mapping in TLB 230, IP-0 and IP-1 obey the contiguity and al i gnnent
constraints. The physical pages corresponding to IP-0 and I P-1 need not
obey the sanme constraints. |f PP-O ang-PP-2 correspond to IP-0 and IP-1
respectively, then two 15 snall sizef page entries (472 B and 474 B) are
used in RLB 250. If on the other hand, PP-2 and PP-3 correspond to IP-0 and
|P-1, then a single mddle sized mapping entry can be used in RTLB 250.
Simlarly, because gne bj ddl e sized

pages 20" anTeRPES Bhfepion ot Lfbir PRtest Spahary oup acain st é“teﬁﬂégé?féal

addr ess spacggdtald «ib%a\ﬁkl‘im&{jo:ﬂbtaeré h 8f ¥ fs?caPQ&’eré SR #}ﬁﬂ med by
mappi ng t oget her ssﬁa pages PP- Iﬁa ° ?’ and Plgg Bec useq%%%gl cal
address s pacproﬁﬁﬂiohsofethl mnssxzad pageauso agi:gldoﬁng sized pagpdgiiusttdted.eht i re

physi cal address space 490 is required to back conpl ete big sized page of
i nt er medi at eFIgHE & é’édﬁ{? 15%6?’(’?8@ denged §°‘Bl Bigyrs foto the gxiest thads

need not e @tharﬂsﬂtx%‘iﬁ{ $l-t &o@@itﬁ? th%ﬁgi'ﬁg% éﬁ.?g%? éﬂg%e FOha egﬁﬁﬁgp b 1

the first sm page S|ze Ion of t e stor

t he second Sﬂﬂiﬂdrh\alﬂagetcﬁ'ede\dﬂmﬁ)ltﬁd RTEDHf RUB 250 Baygog@@nged todreflectsther ed i n
PP-3, the third small_page sized - 21 - portion of the big page could be
stored i n PAppingeof BiguteS-snal | page sized portion of

In Figure 5, single small page 522 in virtual address space 510 (VP-0) is
10 mapped onto single small page 542 in intermediate address space 450 (IP-0) as
indicated by line 532A. TTE 532B of TLB 230 contains the mapping indicated by line
532A. Single small page 562 in intermediate address space 450 (IP-0) is in turn
mapped onto single small page 582 in physical address space 490 (PP-3) as indicated
by line 572A. RTE 572B of RLB 250 contains the mapping indicated by line 572A.
15
Similarly, single small page 524 in virtual address space 510 (VP-1) is mapped
onto single small page 544 in intermediate address space 450 (I’-1) as indicated by
line 534A. TTE 534B of TLB 230 contains the mapping indicated by line 534A.
Single small page 564 in intermediate address space 450 (IP-1) is in turn mapped
20  onto single small page 584 in physical address space 490 (PP-1) as indicated by line
574A. RTE 574B of RLB 250 contains the mapping indicated by line 574A.

Furthermore, single small page 526 in virtual address space 510 (VP-2) is
mapped onto single small page 546 in intermediate address space 450 (IP-2) as
25  indicated by line 536A. TTE 536B of TLB 230 contains the mapping indicated by line
536A. Single small page 566 in intermediate address space 450 (IP-2) is in turn



‘the big page could be stored in PP-0. It is also possible to view physi cal
address space 490 as a conbination of 5 mddle and small sized pages.
Therefore, for exanple, physical address space 490 can be viewed as a
single mddle sized page and two smahbk sized pages. |f VP-0 through VP-3
was mapped onto I P-0 through IP-3 by a | arge page mappi ng, and |IP-0 through
| P-3 corresponded to PP-0, PP-1, PP-3 and PP-2, respectively, one mddle

page sized mapping could be used for mapping IP-0 through IP-1 onto PP-0
t hr ough PP-maqurco singlersalipege 586 irepluystdal adshess spags Pt (PR@asdndicateded f or

bl ng. 1 P57 B &rope iRt RiClen SRiains B3R FrERey B P RE /8Bl o have

to be obeyed for the m ddl e sized page mapping fromIP-0 through IPl onto
PP-0 through PP-1. 15 In Figure 4, translation | ookaside buffer (TLB)
230 perforns t h&irallgnshgle small fpage 51%in igsaraddests ppaze SOVUETRr3) ifmepped LB 230

2ddr ess. rﬁzéégé'a%@wﬂ%a%mﬁséi«ﬁéaé%% ?%ed%ci"%ésg‘%égcéégsg%&&smu%ﬁﬁt fbiore, in
gggg;lebgd :)rew ousl'y. %‘% %g‘ig% stor?tggn{rgg?r{é‘g l%%t ?frﬁ?ggﬁ Q&\F%TES)

t hat provi danﬂhpagmplxmgxta&nddﬁuteweﬁsas;mcadw @B-3) sﬁﬂmpagq&dwﬁ@sipgygsi cal
address space pages. As stated earlier, in Figure 4, th g i ggof a

ni ddl e si ze®® e Y in mssqﬁaaddrsssmcepﬁgé%l’ﬂaéml%zc‘%t@@bﬁhm@)
addr ess Spﬁﬁgﬁfzﬁg%éég‘? lg%é}%gpln%tl%{ggd%qugg%‘gss space and then onto

a regl on O

In Figure 5, the four small sized pages VP-0 through VP-3 in virtual address
space 510 are ripe for promotion to a single big sized page. In the prior art, before
these pages could be promoted, the contents of regions of physical memory would
have to be moved around so that the promoted big page was backed properly by a big

15 page in physical memory that was both contiguous and big page boundary aligned.
Thus, although the current contents of small page 584 in this example are properly
located in PP-1, before a page promotion could occur, the current contents of small
page 582 would have to be moved into PP-0, the current contents of small page 586
would have to be moved into PP-2, and the current contents of small page 588

20  would have to be moved into PP-3. In a worse case scenario, all of the contents of
the small pages backing the new big page would have to be moved to a portion of
physical memory where the new big page was both big paged boundary aligned and
backed by a big page formed from a contiguous portion of physical memory.

25 Referring now to Figure 6, in Figure 6, virtual address space 610, intermediate
address space 450 and physical address space 490 are the same as their respective

counterparts in Figure 5. In Figure 6, the mapping of a region of virtual address



illustrated. M ddle sized page 422 is forned by small pages VP-2 and VP-3
in virtual address space 410 and is napped onto m ddl e sized page 442
formed by IP-0 and IP-1 - 22 - of internedi ates address space 450 as
indicated by |ine 432A. Note that m ddl e sized pages 422 and 442 are
aligned on a mddle sized page boundagy and are forned by contiguous
regions of virtual and internedi ate address spaces 410 and 450,
respectively. TTE 432B of TLB 230 contains the mapping indicated by |ine
432A. 5 M ddl e sized page 422 in address space 410 is mapped onto a mddle

si zed page i RpRRYEIDGRto AMLASS iRRAREIARIRERIRPadd)150 ARY khd?o@s aRBgiBnand
PP-2. The first half (462)" of mddle sized page 442 in physical address
space 410 i s piysipalcddness spacs ¥ hftegito ¢hie progrotioR-f s¢vidd)smiall sidedyragas irdoldr ess

space 490 as jndicated by |jne 472A 472B ¢ 25 ont ai,ns t he
meppi ng i ndi eatzgablwlzﬁﬁ éswz’i&*stw@- %R}gﬁﬂewaﬁﬁ 8&%5 %‘?Y SRt Ef&me si zed
page 442 | ni 1 hygsfﬂgatﬁgggﬁﬁ&hﬁpﬁféetréﬂsﬁﬁoﬁ iHRPRG Hor? Sofed@witiR! theSIARbrPATE

PP-2 (484) ress space 490 as i1 ndicated by |ine 474A. RTE

474B of RSB 258 230mhiase tisanighd tonmflpctittie maghpireys ed Fipure 6 rauséd 44 thhiprembtiat.
al t hough m ddl e, si zed page 442 is aligned on a _mddl e sized page boundary

and is formedt Bjgwae @g)Fhei ’QH’GHBinSéQf%Ha 0 stored waldinthe %r@.&l‘% VE3®t its
physi cal reprcﬁ?%ﬁgt%rﬁrlh ’Pvgiﬁas dﬁmﬁﬁ{ %Lxé‘g@g&%@e RGO ROn 'd¥d ABE affect the

constrained to single m e pag€ size
mappings from intermediate address space 450 to physical address space 490.

10 In Figure 6, single big page 622 in virtual address space 510 (VP-0, VP-1, VP-2
and VP-3) is mapped onto single big page 642 in intermediate address space 450 (IP-0,
IP-1, IP-2 and IP-3) as indicated by line 632A. TTE 632B of TLB 230 contains the
mapping indicated by line 632A. Therefore, the mapping between virtual address
space 510 and intermediate address space 450 has been changed through promotion

15  so that four small pages are now represented as a single big page. Thus, the four
TTEs previously required in the TLB (one per old small page) have been replaced by
a single TTE for the new big page. Note that the promotion process has occurred
without the need to change the mappings between the pages of intermediate address
space 450 and physical address space 490.

20

Thus, single small page 562 in intermediate address space 450 (IP-0} is still

mapped onto single small page 582 in physical address space 490 (PP-3) as indicated
by line 572A and RTE 572B of RLB 250 still contains the mapping indicated by line
572A. Similarly, single small page 564 in intermediate address space 450 (IP-1} is still

25 mapped onto single small page 584 in physical address space 490 (PP-1) as indicated
by line 574A and RTE 574B of RLB 250 still contains the mapping indicated by line
574A. Furthermore, single small page 566 in intermediate address space 450 (IP-2) is

-



conti guous portion of physical nemory. Furthernore, the niddle sized page
Is also not constrained to begin on a nedium page si ze alignnent boundary

i n physical address space 490. In fact, it is nerely coincidental that page
482 does begin on a nedi um page size f#lgned boundary in physical address
space 490. 20 In Figure 4, single straf¥ Ppage 426 in virtual address space
410 (VP-5) is mapped onto single small page 446 in internedi ate address
space 450 (1 P-2) as indicated by line 436A. TTE 436A of TLB 230 contai ns

t he mapping indicated by |ine 436A. Single snall page 466 in internediate

' physi ol Sremiebbed bntobilg ablilpdes sBRRBRSHGH S hate SBPRTRE0, 2°
RLB 250 cont aidicatdd tey Bep§ri6ACarid RITE 8768004 RLE 25mesu417&4\m& e lrid p)lm§ Sidngt &

smal | page 428 in virtual address space 410 (VP-6) is nappe 23 -
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by | 438 T 438B LB 230 t di cated by i
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turn mappsd eRlGe Hy@um S8R dncPREE ST o LIPSO Aon BEHY (8 SnhFirdReda™P ©)

as i ndi cated b{ |iné 478.
ne 578A.

Therefore, the single big sized page of virtual address space 510 is backed by
four small sized pages of physical address space 490 but the requirement that the
10 backing pages in physical memory be contiguous and big sized page boundary
aligned has been eliminated. Thus the promotion overhead caused by relocating

pages resident in physical memory no longer applies.

Referring now to Figure 7 and Figure 8, these figures both illustrate the

15  treatment of several small sized virtual address pages as a single big sized virtual
address page that has a small page sized "hole". Figure 7 illustrates the mapping of a
region of virtual address space onto a region of intermediate address space and then
onto a region of physical address space when the small page sized hole is at the end
of the big sized page. Figure 8, on the other hand, illustrates the mappings when the

20 small page sized hole is not at the end of the big sized page. In each case, a single big
page TTE in the TLB can replace several smaller page TTEs. Therefore, the benefit
provided by big page mapping of an increased likelihood of having a TLB hit is
realized for a region of virtual address space that does not fit the traditional virtual
memory page criterion of being a contiguous region the size of the page being used

25 for the mapping.



In tHe case of a translation fromsingle small virtual page 426 to physical
page 486, a translation is first made to an internedi ate address (426 to
446) and then a second translation is made to a physical address (466 to
486). Therefore RTE 476B is required in RLB 250 so that the remapping from
i ntermedi ate address space to 10 phy2Bcal address space can be nade. In
the case of a translation fromsingle small virtual page 428 to physi cal
page 488, a translation is first nade to an internedi ate address (428 to

448). The inter |ate address, however, is the sane as the a
address. Ther ef orReferingmpy fosfigure 74 ‘g“F'hE' Qe Rfdress SBRS: §1 n%H‘FéH\@dFF“om an

i nter medi at ea@&jﬂlg cd 850% Y [}%ﬁkﬁ?ﬂ ad%qgsrsg e dbo Qre tft%_%m\é@ssthta

trivial and a pass 15 thro ag- can e set E 438B to gnl fy t hat
this second tasma'lpattsdeWGHDtFxbaren‘B,dhe mibprngfxonmstrauadtoha regisg ofihere a
pass through is indicated in the TTE, no RTE is required in RLB 250 because
t he remappi n&“%hﬁl‘ﬂrﬁfﬁﬁ?ﬁﬂﬁ&@@&d?@% of pheranedinte pgdressaipage dfdand theace
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swapped (i . esizédDpigeaire BRatbdhaalsadpld ngxz%atiaagSOaan@a@k@u pafe 6i2)d "HdMent t he

mappi ng bet ween |nterned|ate address space and physi cal address space
490 woul d bethsraadiafithe big sized ipage. shtbfésmge TLHé’SMRéBsZﬁQ bave onlychangedt e

onto a m ddl 68 DR R ptenidpate pate ORI By PG SRATEP. 1)
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mapped directly onto a snall zed physical address space page (forned by
PP-2) . | A0 eadianged & reflacththe mappings of Figure 7.

In Figure 7, region 702 of virtual address space 510 (formed by VP-0, VP-1 and
VP-2) is treated as though it is a single big sized page (722) with a single small page
sized "hole” at the end (VP-3). In effect, the present invention permits a region of
15  virtual address space to be promoted to a larger sized page than has actually been
allocated. Thus, in this example, rather than requiring three small page TTEs in the

TLB to describe region 702, a single big page TTE that describes region 722 is used.

The single big page 722 in virtual address space 610 is mapped onto single big
20  page 742 in intermediate address space 450 (IP-0, IP-1, IP-2 and IP-3) as indicated by
line 732A. TTE 732B of TLB 230 contains the mapping indicated by line 732A. Only
three of the four small sized sections of intermediate address space 450 are actually
backed by physical memory. In this example, a single small page sized portion of
physical memory and a single middle page sized portion have been mapped
25  together to provide the backing for region 702. Single middle sized page 762 in
intermediate address space 450 (IP-0 and IP-1) is mapped onto single middle sized

page 782 in physical address space 490 (PP-0 and PP-1) as indicated by line 772A. RTE



- 24 - intermedi ate page woul d be backed by an equally sized physical page
t hat was both contiguous and aligned upon a proper boundary for its page
size. Thus, TTEs 432B, 436B and 438B woul d each indicate that a pass

t hrough condition existed. Therefore, due to the fact that a second
remappi ng translati on was not requi ~e@0 t-here would be 5 no need to have
any valid RTEs in RLB 250. Referring nowto Figure 5 and Figure 6, these
figures together illustrate the pronotion of several snall sized virtua

addr ess pages7iBdfRIB S0\ @heudd @, %ﬁﬁfp@n bl 572 AD 081 fvitafl 5
Il lustrates the mapping of a regi 0 ofél\i/rl{ r#gégaggﬁdgfess spaclgﬁg[’géﬁ%iﬁto a
regi on of i nimalhpagesttd indutersalistpaddrah dpichab) (IR2D isamESEHAOGto kinglysh 4@
address space prior to the pronotion of the several snall sized pages into

the single bP3Fed 4 dyPhysifal aqdrgssispaee 499/(PP-Rhasindisated byidine 7744sRTRTZES afhe
mappi ngs aftﬁf-"%ﬁtﬁ@h{eoﬁfpéiﬁgﬁ?@?ﬁ%&%?%_Aﬁ ts a single big page TTE

in the TLB to r ace severa ‘Therefore, the benefit
provi ded ®y bi g page mapping of 15 an increased |ikelihood of having a TLB
hit is realized. By using an internedi ate addressing schene, a big page

si zed region of wlternatelyaphirsisskbasisingdfor segidre7Baoulkiche propidedibyahappingry by

O 1 ek e 8] Bt BRGS0 257 10
pages in physical address space 490. In the former case, only two RTEs (one for the
middle sized page and one for the small sized page) are required in RLB 250 to

10 provide the mapping. In the latter case, three RTEs (one per small sized page)
would be required in RLB 250, but the contiguity constraint and the middle sized
page boundary alignment constraint imposed on the middle sized page in the

former case would be not apply.

15 Referring now to Figure 8, in Figure 8, virtual address space 610, intermediate
address space 450 and physical address space 490 are the same as their respective
counterparts in Figure 7. In Figure 8, the mapping is illustrated of a region of
virtual address space 610 onto a region of intermediate address space 450 and then
onto a region of physical address space 490 wherein a middle sized page and a small

20 sized page are treated as a single big sized page having a small page sized "hole"
within the big sized page. In Figure 8, TLB 230 and RLB 250 have only changed from
Figure 7 to the extent that the translation information stored within the TTEs of
TLB 230 and the remapping information stored within the RTEs of RLB 250 have
changed to reflect the mappings of Figure 8.

In Figure 8, region 822 (formed by VP-0 and VP-1) and region 824 (formed by

VP-3) of virtual address space 510 are mapped together and are then treated as



critelion of being a contiguous region the size of the page being used for
the 20 nmapping that is boundary aligned in physical nenory upon a boundary
for the size of the virtual nenory page that is being backed. Referring now
to Figure 5 in Figure 5 virtual addgess space 510 is formed by 25 snal

si zed pages VP-0 through VP-3 and therefore is half of the virtual address
space 410 of Figure 4. Internedi ate address space 450 and physical address
space 490 of Figure 5 are the sane as their respective counterparts in

Fi 4. In,Fi 5 th .- 25 - ' f ' foyirt dd
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TLB 230 and fRepr&aft inzemtionpetmitsanggibniaf vinthdl gddeesd spae tth e promotedtthat 5
the translatjion information stored wthin the TIEs of TLB 230 and t he

renappi ng i n‘FEﬁeﬁﬁ’F? Ra8% M&WWW : allpeated;t Thess i s pearapienathys dharo
Virtual charoeeregdRe RS YRS iRt s B Qe RhuieliPhesline ¢
i n i nt er medi (3028) ahkdrdessibep papford8RA(sRs€). as i ndicated by line 532A. TTE
532B of TLB 230 contains the mapping indicated by |ine
The single middle sized page 822 (VP-0 and VP-1) and the single small sized
page 824 (VP-3) in virtual address space 610 are mapped onto single big page 842 in
10  intermediate address space 450 (IP-0, IP-1, IP-2 and IP-3) as indicated by lines 832 and
834, respectively. Only three of the four small page sized sections of intermediate
address space 450 are actually backed by physical memory. In this example, a single
small page sized portion of physical memory and a single middle page sized portion
have been mapped together to provide the backing for regions 824 and 822. Single
15  middle sized page 862 in intermediate address space 450 (IP-0 and IP-1) is mapped
onto single middle sized page 882 in physical address space 490 (PP-2 and PP-3) as
indicated by line 872A. Similarly, single small page 864 in intermediate address
space 450 (IP-3) is mapped onto single small page 884 in physical address space 490
(PP-1) as indicated by line B74A.
20
Alternately, physical backing for regions 822 and 824 could be provided by
mapping three small sized pages in intermediate address space 450 onto three small
sized pages in physical address space 490. In the former case, only two RTEs (one for
the middle sized page and one for the small sized page) would be required in the
25 RLB to provide the mapping. In the latter case, three RTEs (one per small sized

page) would be required for the RLB, but the contiguity constraint and the middle



532A. Single shall page 562 in internediate address space 450 (IP-0) is in

turn mapped onto single small page 582 in physical address space 490 (PP-3)

as indicated by line 572A. RTE 572B of RLB 250 contains the napping

indicated by line 572A. 15 Simlarly, single snmall page 524 in virtual

address space 510 (VP-1) is mapped -org20 single snmall page 544 in

I nt ermedi ate address_space 450 (1 P-1) as indicat edg@eﬁ I.A%g 534A. TTE_534B
RICKE §

of TLB 230 c6&WeaPage Peidndasp slisRmeHOBSTAY HPIseHen Pagain thaage

564ininterqggi t r e 450 (IP-1) is in turn mapped 20 onto
single small pagegcgf?l‘g?%ﬁ%ﬁo;ép [ address space 490 (PP-1) as indicated by

line 574A. RTE 574B of RLB 250 contains the mapping indicated by |ine 574A
Furthernore, single small page 526 in virtual address space 510 (VP-2) is

mapped onto si ngl Beferring nqyateFignee 9 and Figawerbliithese fgumsdoth Ylystratesses (| p- 2)
o 2 SRR e T P T SO A WIS OBE"
A G S R T
RLB 250 cont aegien bheirhappddrgss spdrecantod fegiohiof éntéiitediatEiaddtdsy spae agd ¢hesural |
page 528 1n \o:/:tlx\.f.rot au galgio%\dg{ 1;~el'\syssicS a%%?esSS jégac(e\@ﬂe%)eini tgvorgiig'gr%gt small page sized
regions in virtual address space are backed by the same single small sized page in
10  physical memory. Figure 10, on the other hand, illustrates the mappings when two
different middle page sized regions in virtual address space are backed by mapping
together the same two small sized pages in physical memory. In Figure 9, the small
sized page of physical memory obeys the contiguity constraint and the boundary
alignment constraint. In Figure 10, however, the intermediate addressing scheme
15 permits two small sized pages of physical memory to be mapped together to back the
two different middle sized virtual memory pages. Therefore, in Figure 19, the
contiguity constraint and the middle sized page boundary alignment constraint

traditionally imposed on physical memory does not apply.

20 Figure 9 illustrates the mapping of a region of virtual address space onto a
region of intermediate address space and then onto a region of physical address
space wherein two different small page sized regions in virtual address space are
backed by the same single small sized page in physical memory. In Figure 9, virtual
address space 610, intermediate address space 450 and physical address space 490 are

25 the same as their respective counterparts in Figure 8. In Figure 9, TLB 230 and RLB

250 have only changed from Figure B to the extent that the translation information



5 onto si'ngle-small page 548 in internedi ate address space 450 (I P-3) as

I ndi cated by line 538A. TTE 538B of TLB 230 contains the mapping indicated
by line 538A. Single small page 568 in internedi ate address space 450
(IP-3) is in turn mapped onto singl gsmal|l page 588 in physical address
space 490 (PP-2) as indicated by line 578A. RTE 578B of RLB 250 contai ns
the mapping indicated by line 578A. 10 In Figure 5, the four small sized
pages VP-0 t hstoreghwighinGthie'TTEs of TAB 230 dnd 38e sqmaapeping] thfamea tionpored rwighkia FRé | ON

to a si ngle S In the pri art, before these pages could be
pr onot ed, gk'g%‘n éﬁ&%aﬁ’éﬁ‘% dgp fﬁfﬁ)ﬁ%ﬂ@amammefmed’ have to be noved
around so that the pronoted big page was backed properly by a big 15 page
i n physical nmenory that was both contiguous.and bi g page boundary aligned.

Thus, al t hough thén(!-‘igu’resls abaal pagd 92 IvirtRaaadRld spate 610 vrepappl e are
properly | ocated in PP-1, ore a page pronotion could occur, the current
contents of SHaP WQSBBFSMI prgeda in intermediate addresscspree €50 @ME) aur r ent

current cont dipieaisRRRRNT AR AR rip B0 CRIEIEs 118 BerviognSied phRs 1 1
a worse case g30ANagingle skhdll pafgetgbfupm&ﬁﬂhﬁat@&d&@fss?HE’é:isoRﬁg?ﬁs BRgkhng the

new bi g page woul d have to 'be noved to a portion hysi cal nenory where
t he new big mwtbmlwlme%bmmr@ addrgsseplaamaomlbkm ibgicatelli g
page for rred nt i gn of physical peno

Referring noW ela:?é%' 6&%18%% ‘ﬁ%’éoeonww&thamaaam@%fﬁé@a Ige@72A.

i nternmedi gy e address space 450 and physical address space 490 are the sane

as their respective
Similarly, single small page 924 in virtual address space 610 (VP-3) is mapped

onto single small page 944 in intermediate address space 450 (IP-2) as indicated by
line 934A. TTE 934B of TLB 230 contains the mapping indicated by line 934A. Single
small page 964 in intermediate address space 450 (IP-2) is in turn mapped onto single
15 small page 984 in physical address space 490 (PP-1) as indicated by line 974A. RTE
974B of RLB 250 contains the mapping indicated by line 974A. Thus, it can be seen
that the intermediate addressing scheme permits two virtual memory pages to be

backed by a single same sized page in physical memory.

20 Figure 10 illustrates the mapping of a region of virtual address space onto a
region of intermediate address space and then onto a region of physical address
space wherein two different middle page sized regions in virtual address space are
backed by mapping together the same two small sized pages in physical memory. In
Figure 10, virtual address space 610, intermediate address space 450 and physical

25  address space 490 are the same as their respective counterparts in Figure 9.. In Figure
10, TLB 230 and RLB 250 have only changed from Figure 9 to the extent that the

translation information stored within the TTEs of TLB 230 and the remapping



bount'erparts Fn Figure 5. In Figure 6, the mapping of a region of virtual

addr ess - 27 - space 610 onto a region of internedi ate address space 450
and then onto a region of physical address space 490 after to the pronotion
of several snmall sized pages into a single big sized page is illustrated.

In Figure 6, TLB 230 has only changed: f+om Figure 5 to the extent that the
translation information stored wthin the TTEs of 5 TLB 230 have changed

to reflect t ]{»It.% r i.an Flgure6

t he remappi ngﬁf %ﬁ?ﬁﬁ?ﬁgﬁé ?ltfor eg‘% §Fa *%Exﬂ?é # not
changed frcnnﬁﬂmqnﬁgyﬁﬂnqyﬁgmgthln Flgure 5 because the pronotion did not

af fect the mappings frominternediate address space 450 to physical address

space 490. 10- In F|gure 6, single big page 622 in virtual address

space 510 (VP-0, d \VP- 3 mappRed. ont o SI e bi a e 642 in
i nt er medi at e addr}e'{%gggﬁea ks STHE T‘fiﬁleogmﬁd&af HB%’?"WI“B ??f ‘%ﬁg? ®d by
line 632A5 TERAGAZD BimaPgRd 23t ﬁa@wuaazetmd%geum mrlﬂieﬁﬂ&%%ebsadrégae 632A.
Therefore, the mappi ng between viTttual address space 510 and | nternediate
addr ess spac@pﬂ@@SﬂéE’-Q)meHaagwcattéﬁ byitihe PO32ADTITEN 0318 ofSYLE 180 cohmiits smal |
pages are no a.sin Thus, the four TTEs

t d | e bi
previ ously r\é‘vﬁ%{?\gégf‘%gn ‘I‘fét% bBI’G‘Sﬂg37§AérTg? %ﬁﬂ?&e sizeddirstrhalle1068 of singlel aced
by a single Hﬁdfeosrxzetdr}ﬁg'aqwi)ﬁQng?xggdmmoad%résQ%actellgo Hf’mstlln%rrp ﬁx‘%ﬁes has

occurred
onto single small sized page 1082 in physical address space 490 (PP-1) as indicated by

10 line 1072A. RTE 1072B of RLB 250 contains the mapping indicated by line 1072A.
The small page sized second half 1064 of single middle sized page 1042 in
intermediate address space 450 (IP-1) is in turn mapped onto single small sized page
1084 in physical address space 490 (PP-3) as indicated by line 1074A. RTE 1074B of
RLB 250 contains the mapping indicated by line 1074A.

Similarly, single middle sized page 1026 in virtual address space 610 (VP-2 and

VP-3) is mapped onto single middle sized page 1046 in intermediate address space
450 (IP-2 and IP-3) as indicated by line 1036A. TTE 1036B of TLB 230 contains the
mapping indicated by line 1036A. The small page sized first half 1066 of single

20 middle sized page 1046 in intermediate address space 450 (IP-2) is in turn mapped
onto single small sized page 1082 in physical address space 490 (PP-1) as indicated by
line 1076A. RTE 1076B of RLB 250 contains the mapping indicated by line 1076A.
The small page sized second half 1068 of single middle sized page 1048 in
intermediate address space 450 (IP-3) is in turn mapped onto single small sized page

25 1084 in physical address space 490 (PP-3) as indicated by line 1078A. RTE 1078B of
RLB 250 contains the mapping indicated by line 1078A. Thus, it can be seen thz;t the

intermediate addressing scheme permits two virtual memory pages to be backed by



wi t hout t'he need to change the mappi ngs between the pages of internediate
address space 450 and physical address space 490. 20 Thus, single snal
page 562 in internedi ate address space 450 (I1P-0) is still mapped onto
single smal |l page 582 in physical address space 490 (PP-3) as indicated by
line 572A and RTE 572B of RLB 250 st#PI~contains the mappi ng i ndi cated by
line 572A. Simlarly, single snall page 564 in internedi ate address space
450 (IP-1) is still 25 mpped onto single small page 584 in physical
address space 490 (PP-1) as indicated by line 574A and RTE 574B of RLB 250
still contains the mapping indicated by Iine 574A. Furthernore, single

smal | page 566 _in int di at e _address . C 5 - i o 28 - in
turn mgpged BRPBS tﬁé&e‘grg q{er 5‘5‘gep E@% ‘?‘ﬁ’%b’%‘%“g 4i$§(f§af%én§ assf)nﬁeegxggff (PP-0)
as indi cat edphpe | TH¥Refored Pecalisk FTthe @?@&é&iagelaad?e‘égngts&ﬂémé;wt:?mé 18,1ige
mappi ng i ndicated by line 576A. Finally, single snmall page 568 in :

i nt er medi at econdigrnisy songitaint arEthe mRidg]e sizged pagelboundarypalignorand constrping snal |
page 588 in gh sjcgi address space 490 PPE%% as 5 ,indicated by |line 578A
And RIE 578ETBRitRnaly PSR on HyACa METPRG JIRtABPYndi cated by |ine 578A.
Thereforeg the single big sized page of virtual address space 510 is backed
by
While the method and apparatus of the present invention has been described

in terms of its presently preferred and alternate embodiments, those skilled in the

art will recognize that the present invention may be practiced with modification and

alternation within the spirit and scope of the appended claims. The specifications

10 and drawings are, accordingly, to be regarded in an illustrative rather than a

restrictive sense.



four small sized pages of physical address space 490 but the requirenent
that the 10 backing pages in physical nmenory be contiguous and big sized

page boundary aligned has been elimnated. Thus the pronoti on overhead

caused by rel ocating pages resident in physical nenory Ll i -
Referring now to Figure 7 and Fi guse3®,~these figures bﬂﬂmﬂmmllﬂﬂm”me
15 treatnent of several small sized virtual address pages f@asla 8inglesDbig
sized virtual address page that has a smll page sized "hole". Figure 7-
illustrates the mapping of a region of CbAME 5| “addr ess space onto a region,.
of internedi ate address space and then onto a region of physical address
space when the small page sized hole is at the end of the big sized page.
Figure 8, on the other hand, illustrates the mappi ngs when the 20 snall
page sized hole is not at the end of the big sized page. In each case, a
single big page TTE in the TLB can repl ace several smaller page TTEs.

Therefore, the begnefi rovi.ded b i age ing of an_increased
li kel i hogd of havi ng é’%ﬂﬁ’ﬁ‘u‘i‘% aPBX’FEﬁ%P’Eég“P%? %%W%zicawpa*fefﬁﬁeam addr ess
space t hat QQ§?ﬂyHgfit the traditional virtual nenory page criterion of
bei ng a contigudous Tegion the size of the page being used 25 for the
mappi ng. - 29first Refappinghgraudtny tapablegpfitmnslatingia Firsyaddress to/a seconfl addr ess
space 610, i gt er medi at e
address;
second remapping circuitry capable of translating a third address to a fourth
10  address;
said first and third addresses both belonging to the same contiguously
addressable first region within a first address space, said second address belonging to
a contiguously addressable second region within a second address space and said

fourth address belonging to a contiguously addressable third region within the

15 second address space.

2. The remapping apparatus as set forth in claim 1 wherein said

remapping apparatus is a remap memory unit.

20 3. The remapping apparatus as set forth in claim 1 wherein the first
address space is an intermediate address space and the first region corresponds to a

page in a virtual address space.

4. The remapping apparatus as set forth in claim 1 wherein the second
25 address space is a physical address space and the second and third regions correspond

to physical pages in the physical address space.



respective counterparts in Figure 6. In Figure 7, the i i
illustrated of a region of virtual address space 610 ognmwmﬂwmjw”“m
i nternedi ate address space 450 and then 5 onto a region*0ofcp KCAls = s
address space 490 wherein a niddle_gb;eg page and a small sized page are
treated as a single big sized page having a small page sized "hole" at the
end of the big sized page. In Figure 7, TLB 230 and RLB 250 have only
changed from Fi gsir & GpeQeingpity lapphratidads sehfori MNSdia 1 Giheteit @ikt On st ored
within the TTEs of TLB 230 andthe remapping information stored within the
RTEs of RLBad8®shspage is0an inkermgdikte addreds|spate anddherfipgdiregion ofrréspgudstoa | n

e, L Sk bt E e R s B B e o o
VP-2) is tr u i a

si ngl e snal I N 3 % Px nt

i nvgnti on pgpﬁgt&g aghfeggls%%gg.ﬁdi@ése\%?ﬁ ua zgrgcfreg%gs édgg%g&t?%bb%ﬁ%r&(a) a,‘:ggg to a
| ar ger siszeth fleghysiealaddressapiceal | y been al |l ocated. Thus, in this exanple,

rather than requiring three small page TTEs in the TLB to descri be region
702, a single big page TTE that describes region 722 is used. The single

bi g page 722 in yirtyal 6 i P I j 0
page 742 in int eér/'mad:‘% & agéﬁggsa%g%%gg’ %%Gl%fﬁgi@&agg%{wf%@g{aeﬁpﬂfg%) as
i ndi cat ed bXagéstheZ&%Aer ihTstze/tB33B 1 viFtuB! . cont ai ns _the nmappi ng | ndi cat ed
by line 732A. Only three of the four snmall sized sections of internediate

address space 450 are actually backed by physical nenory. In this exanple,
a single_small ge sized portion of physical  nenor. nd a.si,ngle mddle
page si §8d port ip%‘n havd ’ﬁ‘é‘gﬁ?lﬁﬁﬁﬁgﬁrat‘g a% set f%rth m@u% f;‘w?\erem thegflnst

: address space is an intermediate address space and the first address belongs to a

region that corresponds to a first page in a virtual address space and the third
address belongs to a region that corresponds to a second page in the virtual address
space.
15
8. The remapping apparatus as set forth in claim 1 wherein the second
address space is a physical address space and the second and third regions correspond

to the same physical page.

20 9. The remapping apparatus as set forth in claim 1 further comprising
pass through circuitry capable of receiving a pass through indication and a fifth
address belonging to the first address space and providing the fifth address as

belonging to the second address space.

25 10.  The remapping apparatus as set forth in claim 1 wherein the computer
system further comprises:

a central processing unit (CPU) capable of operating using virtual memory;



25 together .to provide the backing for region 702. Single nmiddl e sized
page 762 in internedi ate address space 450 (I1P-0 and Ilemﬂ!ﬂmrmRm 0
single mddle sized page 782 in physical address space mll)
as indicated by line 772A. RTE - %0 - 772B of RLB 250*cohtaind" t e *
mappi ng i ndi cated by |ine 772A. SimidPar y, single smalT page 764 in

I nt ermedi at e address space 450 (I1P-2) is mapped onto single snmall page 784

i n physical address space 490 (PP-3) a inqdi cated by line 774A. RTE 774B of
RLB 250 cont ai nd m%orafarﬁmgmeﬂave%m%o trapslafing Virtyal gddiesses BiRplied

physi cal bagkihBGpiPlo theHinBBiaflaidr bR eﬁ}é@gwwa%magpigggﬂpwaﬁ?s- smal |

si zed pages‘in internedl ate address spac onto thre si zéd pages
i n physi calan@ddr ess space 490. In the former case, only two RTEs (one for
the mddl e sized page and one for the small sized page) are required in RLB
250 to 10 provphesieahaamgspicapable af pravidiag fisst infasmatiomsteredratitbe serpndper

smal | sized jpage) .would requi.red in B _250. but the coptiguit

const rais_rzn a&ﬁa&f #@%%aéﬁsfeﬂgﬁsp&geeérﬁ%%o §°téluls’§§r?ep St Xgﬁ"sa# ?g#rﬁ%(s i nposed
on the m ddlofreSpciREngddR0@e ifist daRArds9 AR lcafAIE of Pl fHiRE sdt8hd ABIMatickd
Referring now to Figure 8, in Figure 8,  virtual address space 610,

i nt er medi atséored at the fourth address when the CPU requests the second information using a

first virtual address corresponding to the third address.

10 11. A remapping method for a virtual memory computer system,
comprising the steps of:
translating a first address to a second address;
translating a third address to a fourth address;
said first and third addresses both belonging to the same contiguously
15 addressable first region within a first address space, said second address belonging to
a contiguously addressable second region within a second address space and said
fourth address belonging to a contiguously addressable third region within the

second address space.

20 12.  The remapping method as set forth in claim 11 wherein the first
address space is an intermediate address space and the first region corresponds to a

page in a virtual address space.

13.  The remapping method as set forth in claim 11 wherein the second
25  address space is a physical address space and the second and third regions correspond

to physical pages in the physical address space.



—_—_—

address space-450 and physical address space 490 are the same as their
respective counterparts in Figure 7. In Figure 8, the milmu'm 'm
illustrated of a region of virtual address space 610 ont : "H””m

i nternedi ate address space 450 and then onto a region of *physi al" addr ess
space 490 wherein a nmiddle sized pag® and a snall 20 sized page are
treated as a single big sized page having a small page sized "hole" within’
the big sized page. In Figure 8, TLB 230 and RLB 250 have only changed from
Figure 7 to the ExteThetrbmapping method hasétdorth ik claim tlil ovhes¢inrthel fivitt hi n t he
TTEs of TLB% 0 and the r,erg%%i n?Fa‘!pFB{ ormati on stored wi,ithin the Es of RLB
250 have ch# TRCF b apinferpgdia r%rggpﬁqeap#g‘f}?ér%rwqu’ stog

Vi ttual addrSed Blath A lalRiuctie chhoRl bRELANNE AR RS el )

are napp are
31 - thoughphisisal address spaegand tiegsesdrtthdtAdd r8fidhs ¢dreuspat Ryphyicll pages 1,
VP-2 and VP-3) with a single snal|l page sized "hole" (VP-2) |ocated W thin
it. OnceSagin He Rhysispkaddressispacepthephysicalinagas being prapligrin size thay e of
vi rtual addgﬁ@& S’nge to be pronoted to a |arger sized page than has
actual |l y been aal1 otated. Thus, in this exanple, rather than 5 requiring
two TTEs in the TLB to describe regions 832 and 824, a single big page TTE

15.  The remapping method as set forth in claim 11 wherein the first
address space is an intermediate address space and the first address belongs to a
10 region that corresponds to a first page in a virtual address space and the third
address belongs to a region that corresponds to a second page in the virtual address

space.

16.  The remapping method as set forth in claim 11 wherein the second
15  address space is a physical address space and the second and third regions correspond

to the same physical page.

17. The remapping method as set forth in cdlaim 11 further comprising the
steps of:
20 receiving a pass through indication and a fifth address as belonging to the first
address space; and,

providing the fifth address as belonging to the second address space.

18.  The remapping method as set forth in claim 11 further comprising the
25 stepsof:
generating a request for information using a first virtual address

corresponding to the first address;



(802B) that describes region 802A is used. The single mddl e Sized page—-822
(VP-0 and VP-1) and the single small sized page 824 (VP-3)in j

address space 610 are mapped onto single big page 842 in ﬂ"l"lﬁ"gl&ﬁw ﬂ
address space 450 (IP-0, IP-1, IP-2 and IP-3) as indicated*byclin d
834, respectively. Only three of the 4Qur snmall page sized sections of

i nternedi ate address space 450 are actual ly backed by physical nenory. In
this exanple, a single small page sized portion of physical nmenory and a
singl e mddl e pagg §i.& ' ther to provide the
backi ng for regions %gggéﬁ%h%&g?ng?%nggﬁgtﬁgggﬁﬁgaggged page 862 in

i nter nedi at e addresRvigate idlBnhtidi &oﬁﬂdnlﬁxg&ﬂcai BefopPSkhe Rbnd {Hdr&ssm ddl e
si zed page 882 in physical address space ) (PP-2 and PP-3) as indicated
by line 872/n&inilarly, single small page 864 in internedi ate address
space 450 (I1P-3) is.. d onto single small page 884 in physical address
space 490 (PP-1) pééwlg%{()ﬁog}é% ggorﬁ‘/ﬁ’lof‘he 874A. 20 Alternately, physical
backi ng f®r regions 822 and 824 could be provided by mappi ng three small

si zed pages in internmedi ate address space 450 onto three snall sized pages
in physical addré8s spavethed®f providing af remmppingaapparains fortawirtfabEsefrong f or

the m ddl e sized page. and,one foy the ,small sized page) woul d be required
in the 25 FBRY 3%%@?%%&%‘$‘?$th%eﬁsa?ier case, three RTEs (one

per small sized élié\gﬁaijsprenﬂpf)ﬁx%%trc@grf &f:aﬁlg 3 %Iati}\'éta ERPaE&Ud QU LY

constraint and the m
second address;

10 providing second remapping dircuitry capable of translating a third address to
a fourth address;
said first and third addresses both belonging to the same contiguously
addressable first region within a first address space, said second address belonging to
a contiguously addressable second region within a second address space and said
15 fourth address belonging to a contiguously addressable third region within the

second address space.

20.  The method as set forth in claim 19, further comprising the steps of:
providing a central processing unit (CPU) capable of operating using virtual
20 memory;
providing a memory management unit capable of translating virtual
addresses supplied by the CPU to intermediate addresses to be provided to the
remapping apparatus; and '
providing physical memory capable of providing first information stored at
25  the second address when the CPU requests the first information using a first virtual

address corresponding to the first address and capable of providing second



- 32'- si-zed page boundary alignnent constraint inposed-onmthe mddtesized

page in the former case would not apply. Referring now (WaT¥]s
Figure 10, these figures both illustrate cases 5 vvhereiilﬂll M@M Hjﬂ I
page sized regions in virtual addres$lspace are backed che'L

si zed page in physical nenory. Figure 9 illustrates the mapping of a region
of virtual address space onto a region of internedi ate address space and
then onto a region of physical address space wherein two different snall
page si zed iffegmation stored attthe fowrtid addressswhere ther @Y aeduedtsiihe sévondane si ngl e
smal | sized page in 10 physical nepory. Figure 10, on, fhe qther hand,
illustrat esngﬁ@a%%fbﬁflﬁﬁ§ fm%ﬁr%a‘&qrﬁse@éﬁ’f‘g‘?ﬂdd'éﬁ 2% B’&dﬁ“giaflgﬁes?egi ons in
virtual address space are backed by mappi ng.together the same two snall
si zed pages in physical nenmory. In Figure 9, the small sized page of
physi cal menory2pbeysn kpgarafistdogiprisihgeonst rai nt and the boundary al i gnnent
constraint. In Figure 10, however, the interpnedi ate addressi ng schene 15
permtsStwo snat MappererPahlgef csrting @ anappingeimisst siged eontigyauyPeigatdar to
back the t i f.feren i.ddl.e_si. ke 2985 QL Brsti N
Fi gure 10, %gm%lo_n |%{¥i éﬂﬁgggﬁ%ﬁ’%ﬁ?\ﬁgh‘é&@%&rﬁn%g%exps| zegf syalg{'e bounasar y
al i gnment  gpRatbAtiglodspRsliién BNeel physitRMestopNispiviiialle formappiyg tarls not
apply. 20 fgure 9 illustrates the mapping of a region of virtual
addr ess space omtemhiner coupled to the mapper, the combiner capable of logically

combining a second sized portion of the physical memory and a third sized portion

10 of the physical memory and mapping the second and third sized portions of the
physical memory onto the first sized contiguous portion of the address space if the

first sized contiguous portion of the physical memory is not available.



Tegion of internediate address space and then onto a region of physical
address space wherein tw different snmall page sized regions in_ viriual
address space are backed by the sane single snmall siz JﬂﬁQﬁﬁﬁmimﬁysEﬁﬁl
menory. In Figure 9, virtual addressggpace 610, inter I at QeadsiEpSS Spa
450 and physical address space 490 are 25 the sanme as ' ' '
counterparts in Figure 8. |In Figurgpg$TrAE 230 and RLB 250 have only

changed from Figure 8 to the extent—tnat the translation information -

33 - stored within the TTEs of TL 3 t ' iyypaiygt i on stored
wi thin the RTEEOGICAL g é%bggﬁgz;ﬁ%‘igf%@ly&@ﬁﬂsgure
9. In Figure EM¢ 0 - 0)

is 5 mapped onto single small page 942 in intermedi ate address space 450

(I'P-1) as indicated by line 932A. TTE 932B of TLB 230 contai ns the mapping
i ndicated by line_ 9 e O ). L0, LNt ' .address space
450 (IP-1) is ini}L %’géﬁﬁ%p%bsg%g‘ﬁﬁlglgs‘%“ﬁgﬁg&sﬁg Iéhﬁﬁigcgge}1 S%gﬁg h@ﬁp%}ggcal addr ess

space 490 (Muttible pagd sitkisConit® thghhlly ia@re8shble ?ﬁgﬁaﬂﬁ&_ﬁn . RrBnitbflegiant ai ns
t he mapping indicated by Iine 972A. 10 Simlarly, single small page 924 in

vi rtual dcdssessingaarheme pe(mits 8ie mapping oé deveralos-eegtiguerssitalhpegesda4 in
| ntermedi at ;ﬁ'xyasxdcd r%sexsnogfggt% ;1 g’i%gcgrl st)ie%) viftual xgglln%%; Sgget.)yRather than translating

a virtual address directly into a physical address, a virtual address is translated into .

o

ce

an intermediate address that may or may not be a physical address. If the virtual
page is backed by physical memory that is contiguous and aligned on a proper

10  boundary for the page size, then the intermediate address will be the physical
address and no second franslation is required. If the intermediate address is not a
physical address, it is then translated into a physical address. This is the case where a
big page in virtual memory is backed by more than one smaller page in physical
memory. Thus, non-contiguous small pages in physical memory can be mapped

15  together using an intermediate translation to form a single big page thereby
removing the requirement that a big page be mapped using a single contiguous
portion of physical memory and further removing the requirement that the big page
be big page boundary aligned within physical memory. Furthermore, several small
pages can be promoted to a single big page simply by changing the virtual address to

20 intermediate address mappings and also changing the intermediate address to
physical address mappings to reflect the promotion thereby eliminating the need to
move the contents of the small pages into a single contiguous, big page aligned
region of physical memory. Furthermore, a big page sized region of virtual memory
that has one or more smaller page sized holes within it can be treated as a single big

25  virtual memory page and be backed in physical memory using only as many smaller

pages as are required to back the non-hole regions of the virtual address space.
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| ine 934A. TTE 934B of TLB 230 contayk% t he mapping indicated by |ine 934A.
Single small page 964 in intermedi ate address space 450 (IP-2) is in turn
mapped onto single 15 snall page 984 in physical address space 490 (PP-1)
as indicated by Iine 974A. RTE 974B of RLB 250 contains the mapping
indicated by line 974A. Thus, it can be seen that the internedi ate
addressing schene permts two virtual nenory pages to be backed by a single
sanme sized page in physical nenory. 20 Figure 10 illustrates the
mappi ng of a region of yirtual address space onto a re¢gion of internediate
address space and then ¢nto a regi on of physical addrgss space wherein two

different mddle page sized reg in virtual addresg space are backed by
mappi ng together the safe two V‘sized pages in physical nenory. In
Figure 10, virtual address spaéﬁ , internmeliate address space 450 and
physi cal 25 address spfce 490-L4xf ¥he sane as their jespective

counterparts in Figure 9. In F e 10, TLB 230 and REB 250 have only

i nfformati on stored

within the RTEs of RLB 250 have chang o'to reflectfthe mappi ngs of Figure
10. In Figure 10, single nld i zed|page 1032 in virtual address space

610 (VP-0
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5 and VP-1) ts mapped onto single mYdile sized page 1042 in internediate
address space 450 (IP-0 and IP-1) as i'ndicated by |line 1032A. TTE 1032B of
TLB 230 contains the nmapping indicated by |line 1032A. The small page sized
first half 1062 of single mddle sized page 1042 in internedi ate address
space 450 (1P-0) is in turn mapped onto single small sized page 1082 in
physical address space 490 (PP-1) as indicated by 10 |ine 1072A. RTE 1072B
of RLB 250 contains the mapping indicated by Iine 1072A. The snall page

si zed second half 1064 of singlEe—mrdtte—stzed—page—1042—+r—nternediate
address s e 450 (IP-1) is injturn mapped onto single snall |sized page
1084 in pHglsi cal address space 490 (PRL3) as indicated by life 1074A. RTE
1074B of BB 250 contains the rfapping ’an ieated by |ine 10744 15 -
Simlarly, BSI ngl e middl e sized jpage 1 i@ virtual ﬁldr ess 4pace 610 (VP-2
and VP-3) gas mapped onto singl g m ddl eq page 1048 in intler medi ate

addr ess s@ce 450 (1 P-2 and I P{3) as iMmdfcated by |ine 1036A} TTE 1036B of
TLB 230 ceatains the mapping irndicated by Iine 1036A. The sngl| page sized
first hal 81066 of single 20 rfiddle sized page 1046 in internedi ate
address spggce 450 (I1P-2) is in turn mapped oo single small sized page

1082 i n phy¢sical address space 490 (lﬁ’a) as [indicated by line 1076A. RTE
1076B of B 250 contains the mappingi 3d1~Cét ed by |ine 1076A. The snall
page sizeasecond half 1068 of singl &2 (ﬁ Lsi zed page 1048 in

i nternedi ate address space 450 (I P—3§§ ~n tjurn mapped onto single snall
si zed page 25 1084 in physical addre%s'spacq 490 (PP-3) as indicated by
i ne 1078A. RTE 1078B of
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0
RLB 250 contai ns the mappi ng indicated § i ne 1078A. Thus, it can be seen
that the internedi ate addressing schene permts two virtual nenory pages to
be backed by - 35 - mappi ng together snaller sized pages in physical
menory to forma single bigger page. Therefore, because of the internedi ate
addressing schene, in Figure 10, the contiguity constraint and the mddle
si zed page boundary alignnent constraint traditionally inposed on physi cal
menory does not apply. 5 Wiile the nethod and apparatus of the present
i nvention has been described in ternms of its presently preferred and
al ternate enbodi ments, those skilled in the art will recognize that the
present invention may be practiced with nodification and alternation within

the spi g the apaended a-e—Fhe—spegi fications 10 and
drawi ngs are, accordinply, agégarded in an |Ilus rative rather than a
restricfive sense.
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CLAI MS 5 - . 1. A remappi ng apézhgtus for a virtual nmenory conputer
system conprising: first remapping circuitry capable of translating a
first address to a second address; second remapping circuitry capabl e of
translating a third address to a fourth 10 address; said first and third
addresses both belonging to the sane contiguously addressable first region
within a first address space, said second address belonging to a
contiguously addressabl e second region within a second address space and
said fourth address belonging to a contiguously addressable third region

within tfie 15 secpnd address spa@ramslationThe remappi ng apBemaps as set
forth infclaim1 wherein said remapgokasidwaratus i s a rerlogok®sidey unit.
20 3. The remappi ng appar as .set forth in C|? dr Wherein
the firsf address ppace is an interng QFe addr ess space an ;gﬁﬁ first
region c spondsjto a page in a vi r¥24l addr ess space. 4. he
renappinﬁﬂﬁﬁxu&&us as set forth in claiml wherein th cond 25 ddr ess
space isla physical address space and the secpnd and third regions
correspohd to phys|cal pagfzssulmmda%ipafﬁo » PP-0
436B—|VP-5 —» IP-2 474B —| 1P-1 —» PP-2
VE-1 438B—|VP-6 —»1P3 | 476p—| IP-2 —» PP-1
422
VP-2
432A
VP-3
462 482
449 472A
VP-4 IP-0 PP-0
426 | 464 486
474A
VP-5 g36a IP-1 PP-1
446
428 476A
466 484
VP-6 $384 \[p2 PP-2
448 \\EGS
478A
VP-7 IP-3 488\ | pP-3
Virtual Intermediate Physical
Address Address Address
Space Space Space
410 450 490

Figure 4
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.- 37 - 5.- The remappi ng apparatu las set forth in claim1l wherein the
first address space is an internedi ate address space and the first region
corresponds to a virtual page in a virtual address space and wherein the
second address space is a physical address space and the second and third
regions correspond to physical pages 5 in the physical address space. 6.
The remappi ng apparatus as set forth in claimb5 wherein the physical pages
are snaller in size than the virtual page. 10 7. The renmappi ng
apparatus as set forth E@ clainll wherein the firgt address space is an

I ntermedi ate address sp O first address BARPs to a region that
corresponds to a first pdeekasidevirtual addressLopkasidend the third
address belongs to a regi cBufffsat corresponds to aBwgffepd page in the
virtual address space. 15 8238 The remappi ng appargggis as set forth in
claiml1 wherein the second address space is a physical address space and

the second and third ond to th page. 20
9. The renmappi ng aEparatus as set] forth i claim1 further conprising
pass through ciggap iy yaagahlse poof §cesyepd—4 ppes Lk @@l | ndication and a
fifth
534B—} VP-1 —» IP-1 574B—| IP-1 —» PP-1
536B—| VP-2 —»IP-2 | 576B—| IP-2 —» PP-0
538B—| VP-3 —» IP-3 578B —| IP-3 —» PP-2
522 542 562 586
532A
T2A
VP-0 .. IP-0 576A PP-0
524 544 564 584
534A
574
VP-1 IP-1 PP-1
Ege 54y 566 588
' 536A
VP-2 IP-2 PP-2
528 548 568
538A S78A
VP-3 IP-3 582\ |pp-3
Virtual Intermediate Physical
Address Address Address
Space Space Space
510 450 490

‘Figure 5




{0

address belonging to the first address/space and providing the fifth
address as belonging to the second address space. 25
remappi ng apparatus as set forth in claim1l wherein the conputer system
a central

further conprises:
usi ng virtual
transl ating virtual

menory;

10. The

processing unit (CPU) capabl e of operating

- 38 - a nmenory managenent unit capabl e of

requests the first i nf or &E
to the first address and Iocaqldsideof providi ng seLookasider mati on stored at
the fourth address when t hByffar requests the secorgpffefor mati on using a .

first virtual

of :

address to a fourth a

address corre
remappi ng method for a virt

i

ding to the third a
menory conputer syst'em conprising the steps
o0 S-St S

and physi cal
informatjon siored at the second 5
ng a first virt

ss. 10

addresses supplied by the CPU to internedi ate addresses
to be provided to the remappi ng appar at us;
providing first

menory capabl e of
address when the CPU
magdr ess correspondi ng

11.

Figure 6

translatingafirz.t_add.nass_t.a_a second 3 - ating a third
dress;
572B—| IP-0 —» PP-3
632B —|VP-0:3 —IP-0:3 574B—| IP-1 —» PP-1
| 576B—| IP-2 —» PP-0
5788 —| IP-8 —» PP-2
622 642 562 586
72A
VP-0 I1P-0 576A PP-0
564 584
\ 574A
VP-1 632A J IP-1 PP-1
( \ 566 588
VP-2 1P-2 PP-2
568
578A
VP-3 IP-3 582\ |pp-3
Virtual Intermediate Physical
Address Address Address’
Space Space Space
510 450 490



said first and third addresses both zi#%mging to the same contiguously 15
addressable first region-wthin a first address space, said second address
bel onging to a contiguously addressabl e second region within a second
address space and said fourth address belonging to a contiguously
addressable third region within the second address space. 20 12.
The remappi ng nethod as set forth in claim1l wherein the first address
space is an internedi ate address space and the first region corresponds to
a page in a virtual address space. 13. The renmapping nethod as set forth
in claiml1l wherein the s -qﬁddress space is Qzﬁical addr ess
space and the second and t regl ons correspond ycal pages in the
physi cal address space. ?ﬁie The renmappin éﬂ% as set forth in
claim1l wherein the first a space is an inter 8t e address space
and the first region correspo@3® to a virtual page i n280virtual address
space and wherein the second address space is a physical address space and

the second and third reg@rons corresporid to physfical pages 5 n the
physi cal address space, [t he physical pgages beiJg smaller in sf{ze than the
virtual page.
732B —|{VP-0:3 —»-IP-0:3 772B —{IP-0:1 —» PP-0:1
774B—|IP-2 —» PP-3
702 722 742 762 782
VP-0 IP-0 772A PP-0
VP-1 k 732A ) IP-1 PP-1
( \ 764
T74A
- P-2 ' PP-2
VP-2 I 784
VP-3 1P-3 PP-3
Virtual Intermediate Physical
Address Address Address
Space Space Space
510 450 490

Figure 7



15. The remappi ng nethod as set fort!ﬂ?n claim 1l wherein the first
address space is an internedi ate address space and the first address
belongs to a 10 region that corresponds to a first page in a virtual
address space and the third address belongs to a region that corresponds to
a second page in the virtual address space. 16. The remappi ng nmet hod as
set forth in claim1ll wherein the second 15 address space is a physical
address space and the second and third regions correspond to the sane

physi cal page. 17. The remappi ng nethod as set forth in claim11 further

conprising the steps of: 2@ranslationecei ving a pass Repeagh indication and
a fifth address as bel ongi nglobg Eﬂfefi rst address 56asi @d, providing the
fifth address as bel ongi ng (H ﬁg second address spaij@g_. The renmappi ng
met hod as set forth in claim rther conprising t steps of:
generating a request for i nf or®3@i on usi ng a first vi 250al address

corresponding to the first address; - 40 -
802B —|VP-0:3 —»-IP-0:3 872B — | IP-0:1 —»- PP-2:3
874B—|IP-3 —» PP-1
802A 822 842 862
VP-0 IP-0 884 PP-0
832 872A
VP-1 IP-1 PP-1
834 874A
VP-2 1P-2 PP-2
24 864
VP-3 IP-3 882\ | PP-3
Virtual Intermediate Physical
Address Address Address
Space Space Space
510 450 490

Figure 8
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transl at+#ng the first virtual addre/ss to the flrst address; retrieving the
information stored in physical nenory at the second address and, providing
the information. 5 19. A nethod of providing a renmappi ng apparatus for a
virtual nenory conputer system the method conprising the steps of:
providing first remapping circuitry capable of translating a first address

to a second address; 10 provi di ng second remapping circuitry capable
of translating a third address to a fourth address; said first and third
addr esses bot h bel ongi Same cont i guousl gpssable first region
within a first address a |d second addreie H&glng to a

conti guously addressabl reglon wthin a ddress space and

said 15 fourth address b ng to a contjguou dressable third
region within the second a280ess space. 20. The 280hod as set forth in
claim 19, further conprising the steps of: providing a central processing

unit (CPU) capabl e ofToperatimg—usting virtu ry, pgoviding a nenory

managenent unit capaple of translatfing virtual addresses siipplied by the

CPU to internedi ate pddresses to bg provided to the
932B—| VP-0 —» IP-1 972B —}{ IP-1 —» PP-1
934B —| VP-3 —p1P-2 974B—| IP-2 —» PP-1

922
932A I
VP-0 I1P-0 -
942 962 982f
972A
VP-1 I1P-1 PP-1
944 964 /974A
934A
VP-2 ., IP-2 PP-2
924
VP-3 IP-3 PP-3
Virtual Intermediate Physical
Address Address Address
Space Space Space
510 450 ) 490

Figure 9
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remappi ng apparatus; and providing éhlLical menory capabl e of providing
first information stored at 25 the second address when the CPU requests
the first information using a first virtual address corresponding to the
first address and capabl e of providing second - 41 - information stored
at the fourth address when the CPU requests the second information using a
first virtual address corresponding to the third address. 21. An apparatus
conprising: 5 a mapper capable of creating a mapping of a first

si zed contiguous portionTeansldthegi cal nmenmory ont Renfipy St sized conti guous
gﬁgeaé

portion of an address sp ' siage first sized cPBb portion of the

physi cal nenory is avail zai%% or mapping; and a ¢C coupled to the

mapper, the conbi ner capab gT | ogically conbini €econd sized portion
1

of the physical nmenory and- ird sized portion 5Qf the physi cal, menory
and mappi ng the second and third sized portions of the physical nmenory onto
the first sized contiguous portion qf the address space | he first sized

contiguous portion of fthe physical fempry is pret—aveat-able
1072B—) IP-0 —» PP-1

1032B—|VP-0:1 —»IP-0:1 | 1074B—| IP-1 —» PP-3
1036B—{VP-2:3 —IP-2:3] 1076B—] IP-2 —» PP-1
' 1078B—| 1P-3 —» PP-3

1032 1042 062
1072A
VP-0 10324 IP-0 1082 | PP-0
1064
1076A
VP-1 IP-1 PP-1
1026 1046 066
1074A
VP-2 1036A IP-2 1084 | PP-2
1068
1078A
VP-3 IP-3 PP-3
Virtual Intermediate Physical
Address Address ' Address
Space Space Space
510 450 490
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ABSTRACT

RESSABLE PHYSICAL MEMORY FOR A VIRTUAL
agﬁgggméglﬂéggEg SYSTEM THAT SUPPORTS MULTIPLE PAGE SIZES

A computer system having virtual memory that can be mapped using
multiple page sizes onto logically addressable physical memory. An intermediate
addressing scheme permits the mapping of scveral non-contiguous small pages in
physical memory onto a bigger sized virtual memory page. Rather than translating
a virtual address directly into a physical address, 2 virtual address is translated into .
an intermediate address that may or may not be a physical address. If the virtual
page is backed by physical memory that is contiguous and aligned on a proper
boundary for the page size, then the intermediate address will be the physical
address and no second translation is required. If the intermediate address is not a
physical address, it is then translated into a physical address. This is the case where a
big page in virtual memory is backed by more than one smaller page in physical
memory. Thus, non-contiguous small pages in physical memory can be mapped
together using an intermediate translation to form a single big page thereby
removing the requirement that a big page be mapped using a single contiguous
portion of physical memory and further removing the requirement that the big page
be big page boundary aligned within physical memory. Furthermore, several small
pages can be promoted to a single big page simply by changing the virtual address lo
intermediate address mappings and also changing the intermedjate address to
physical address mappings to reflect the promotion thereby eliminating the need to
move the contents of the small pages into a single contigwous, big page aligned
region of physical memory. Furthermore, a big page sized region of virtual memory
that has one or more smaller page sized holes within it can be treated as a single big
virtual memory page and be backed in physical memory using only as many smaller

pages as are reguired to back the non-hole regions of the virtual address space.
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ABSTRACT

>

DRESSARLE PHYSICAL MEMORY FOR A VIRTUAL
aggggéLIégMggTER SYSTEM THAT SUPPORTS MULTIPLE PAGE SIZES

A computer system having virtual memory that can be mapped using
multiple page sizes onto logically addressable physical memory. An intermediate
addressing scheme permits the mapping of scveral non-contigtious small pages in
physical memory onto a bigger sized virtual memory page. Rather than translating
a virtual address directly into a physical address, a virtual address is translated into .
an intermediate address that may or may not be a physical address. If the virtual
page is backed by physical memory that is contiguous and aligned on 2 praper
boundary for the page size, then the intermediate address will be the physical —
address and no second translation is required. If the intermediate address is not a
physical address, it is then translated into a physical address. This is the case where a
i:ig page in virtual memory is backed by more than one smaller page in physical
memory. Thus, non-contiguous small pages in physical memory can be mapped
together using an intermediate translation to form a single big page thereby
removing the requirement that a big page be mapped using a single contiguous
portion of physical memory and further removing the requirement that the big page
be big page boundary aligned within physical memory, Furthermore, several small
pages can be promoted to a single big page simply by changing the virtual address lo,
intormediate address mappings and also changiug the intermediate address to
physical address mappings to reflect the promotion thereby eliminating the need to
move the contents of the small pages into a single contiguous, big page aligned
region of physical memory. Furthermore, a big page sized region of virtual memory
that has one or more smaller page sized holes within it can be treated as a single big
virtual memory page and be backed in physical memory using only as many smaller

pages a3 are required tu back the non-hole regions of the virtual address space.
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